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ABSTRACT 
Dielectric relaxation studies of some potential 
systems involving molecular interaction particularly 
intermolecular and/or intramolecular hydrogen bonding 
as well as of some related molecules have been carried out 
in which atactic polystyrene and several other glass-forming 
media, namely^glassy o-terphenyl, bis(m-(m-phenoxy phenoxy)- 
phenyl) ether (commonly known as Santovac®), cis-decalin 
and carbontetrachloride were utilized as solvents,. 
Sample preparations and the dielectric measurements by the 
use of a General Radio 1621 Precision Capacitance Measurement 
system with appropriate temperature controllable cells 
have been described. The glass transition temperature 
(T^) measurements using the Glass Transition Temperature 
Measurement Apparatus have also been described. The experi- 
mental data as a function of frequency at different tempera- 
tures were subject to analysis by a series of computer 
programmes written in the APL language. The activation 
energy barriers opposing the dielectric relaxation processes 
were obtained by the application of the Eyring rate equation. 
Different types of polar, fairly spherical, rigid 
molecules have been studied mainly to provide sources of 
relaxation data and activation parameters for comparison 
with those of flexible molecules of analogous size. The 
molecular relaxation parameters for these rigid molecules 
were found to depend on the size, shape and volume of the 
molecules and the nature of the dispersion medium. The 
solute concentration has a negligible effect on the molecular 
relaxaton parameters but it influences the dielectric loss 
factor, e", significantly. At lower .concentration, 
the dielectric loss factor increases linearly with the solute 
concentration and at higher concentration after a certain 
point it begins to decrease towards the value observed for 
the pure molecule. This is accounted for by intermolecular 
interactions. 
Of the flexible molecules, a variety of some 
simple almost spherical alcohols, and some long-chain 
aliphatic normal alcohols and thiols have been studied in 
different g1ass-forming media. In the usual concentration 
range of polystyrene matrices ('^5% by.wt.) no evidence of 
intermoleculr hydrogen bonding was found in simple alcohols, 
long-chain alcohols and thiols. For simple alcohols 
only molecular relaxation was observed. Long-chain alcohols 
and thiols exhibited two relaxation processes. The lower 
temperature processes were attributed to segmental rotation 
involving CH^X movement while the higher temperatures were 
respective molecular rotation.. Relaxation due to hydroxyl 
group rotation was not found in any case. At higher 
concentration molecular relaxation followed by hydrogen 
bond breaking and in some cases relaxation for hydrogen 
bonded species was observed in G.O.T.P., carbontetrachloride 
and polystyrene. As in the case of rigid molecules, similar 
effects of solute concentration upon the molecular relaxation 
parameters and dielectric loss factor, e", have been observed 
for simple alcohols in carbontetrachloride. 
A wide variety of potentially intramolecular 
hydrogen bonded substituted phenols has been examined in 
cis-decalin, G.O.T.P. and Santovac® and in most cases, 
hydroxyl group relaxation was observed. The relaxation 
parameters for hydroxyl group rotation were found to be 
significantly influenced by the strength of the intramolecular 
hydrogen bond but it was virtually independent of the nature 
of the dispersion medium as well as the nature of the 
substituent at the para-position of the ring. No evidence 
for proton tunneling was detected in these molecules. 
ACKNOWLEDGEMENTS 
The work described in this thesis was carried out 
at Lakehead University, Thunder Bay, Ontario, Canada 
from September 1982 to August^ 1984. I would like to 
express my deepest sense of gratitude to my research 
supervisor. Professor S. Walker,.for his indispensable 
guidance, invaluable suggestions, constant encouragement 
and unfailing interest in this work. For his council, I 
will always be indebted. 
I am also grateful to Dr. M, A. Desando and 
Mr. D. L. Gourlay for their discussions and occasional help 
in computer work. I also wish to express thanks to my 
research colleagues, Mr. M.S. Ahmed, Miss Jeanne C.N. Chao 
and Mr. M.A. Siddiqui for many helpful discussions. 
I greatly acknowledge the active co-operation 
and indispensable technical assistance of Mr. B.K. Morgan. 
I wish to thank Mrs. J. Parnell for her patience in typing 
this thesis. Thanks are also due to Lakehead University’s 
Chemistry Department for its financial support and research 
facilities throughout my years of graduate studies. 
Finally, I should like to use this opportunity 
to express my sincere gratitude to my wife, Khanam Tuhfah 
Huque for her keen interest and inspiration in my higher 
studies, I greatly acknowledge the patience and sacrifice 
of my wife and children (Zahin, Tiba, Tila) without which 
this work could not have gone forward. Lastly, but by 
no means least, I owe a life-long debt of gratitude to 
my father and mother for their keen interest in my studies. 
Author 
Thunder Bay, Ontario 
Augus t, 1984 , 
Vi 
TABLE OF CONTENTS 
PAGE 
ABSTRACT   
ACKNOWLEDGEMENTS. .   . . . .   jy 
TABLE OF CONTENTS.  vi 
LIST OF TABLES....  viii 
LIST OF FIGURES   X 
CHAPTER I    1 
Introduction and Basic Theory 1 
I-l. Introduction   2 
I- 2. Basic Theory    9 
References.........   19 
CHAPTER II    22 
Apparatus and Experimental  22 
II- . Introduction..  23 
II-2. The Capacitance Cells..  25 
II-3. The General Radio Bridge  28 
II-4. Sample Preparations and 
Dielectric Measurements  30 
II-5. Analysis of Experimental Data... 32 
II- 6. Glass Transition Temperature 
Measurement........  37 
Re ferences.....   41 
CHAPTER. Ill    42 
Dielectric Relaxation Processes of 
Some Fairly Spherical, Rigid, Polar 
Molecules in Some Organic Glasses  42 
III- . Introduction   43 
III-2. Experimental Results  49 
III- 3. Discussion   53 
References   66 
CHAPTER IV  116 
Dielectric Relaxation for Some Long- 
Chain Aliphatic Normal Alcohols and 
Thiols in a Polystyrene Matrix....  116 
IV- 1. Introduction     117 
IV-2. Experimental Results  126 
IV-3. Discussion   129 
References..........  143 
TABLE OF CONTENTS continued... 
vi i 
PAGE 
CHAPTER V    . o , , 194 
Dielectric Relaxation of a Fairly 
Polar, Spherical, Rigid Molecule, 
1,1,1-Trichloroethane in carbon- 
tetrachloride   194 
V-1, Introduction  195 
V-2. Experimental Results , . , . ,   200 
V- 3 . Discussion,    203 
References    213 
CHAPTER VI   246 
Dielectric Relaxation of Some Fairly 
Spherical Simple Alcohols in Some 
Organic Glasses  246 
VITI. Introduction.... 247 
VI- 2, Experimental Results..  254 
VI- 3. Discussion  258 
References    275 
CHAPTER VII. .     328 
Dielectric Relaxation of Some 2,6-di- 
and 2,4,6-tri-substituted Phenols in 
Some Organic Glasses   328 
VII- 1. Introduction  329 
VII-2. Experimental Results  336 
VII-3. Discussion  341 
References   359 











III-l Eyring Analysis Results for Some 
Spherical^ Rigid^ Polar Molecules 
in Some Organic Glasses,  
III-2 Fuoss-Kirkwood Analysis Parameters, 
£oo, and Effective Dipole Moments 
(]i) of Some Spherical^ Rig id^ Polar 
Molecules in some Organic Glasses,, 70 
IV-1 Eyring Analysis Results for Some 
Long-Chain Aliphatic Normal 
Alcohols and Thiols in Polystyrene 
Matrices   , , , 147 
IV-2 Fuoss-Kirkwood Analysis Parameters, 
£00, and effective Dipole Moments 
(y) for some Long-Chain Aliphatic 
Normal Alcohols and Thiols in 
Polystyrene Matrices,,,,  149 
IV-3 
V-1 : 
Extrapolated Dipole Moments to 
330 K for Segmental and Molecular 
Rotation (]Jg and ]Jjn) and the 
Effective Dipole Moments (yeff) 
for Some Long-Chain Aliphatic 
Normal Alcohols in Polystyrene 
Matrices Together with the 
Liter;atur.e Value of the Dipole 
Moments  159 
Eyring Analysis Results for 1,1,1- 
Trichloroethane and Carbontetra- 
chloride in the Pure Solid State 
and for the Mixtures  215 
V-2: Relaxation Parameters for Some 
Organic Compounds in the Pure 
Solid State,  216 
LIST OF TABLES continued... 
TABLE V-3 
PAGE 
Relaxation Parameters for 
Some Organic Compounds in 
cis-decalin   217 
TABLE V-4 Fuoss-Kirkwood Analysis Parameters 
for 1,1,1-Trichloroethane, Carbon- 
tetrachloride and for the 
Mixtures.............   218 
TABLE VI-1 Eyring Analysis Results for Some 
Simple Spherical Alcohols and 
Related Molecules in Some 
Organic Glasses.......  278 
TABLE VI-2 Fuoss-Kirkwood Analysis Parameters 
for Some Simple Spherical Alcohols 
and Related Molecules in Some 
Organic Glasses...  279 
TABLE VII-1 Eyring Analysis Results for Some 
Substituted Phenols and Related 
Compounds in Some Organic Glasses.. 361 
TABLE VII-2 Eyring Analysis Results for 
Some Anisoles in Organic Glasses... 363 
TABLE VII-3 Fuoss-Kirkwood Analysis Parameters 
for Some Substituted Phenols and 
Related Compounds in Organic 
Glasses  364 








FIGURE Ill-la’ : 
FIGURE III-2a: 
FIGURE III-3a: 
Relation between e’, e" 
and tand in the complex 
quantity of dielectric 
constant (e*)...  
Frequency dependence of 
real (e*) and imaginary 
(e") parts of the permittivity 
in a relaxation region,,  
Three-terminal co-axial 
cell,,   
Parallel-plate capacitance 
cell,,,,.   
Glass Transition Temperature 
Measurement Apparatus  
Names and Structural formulae 
of some spherical, rigid 
molecule s  
Plots of e" versus T(K) for 
norcamphor in polystyrene   
Plots of e" versus T(K) for 
norcamphor in G.G.T.P  
Plots of e" versus T(K) for 
camphor in polystyrene  
Plots of e" versus T(K) for 
























continued ... . 
Plots of e" versus T(K) for 
5-norbornene-2-carbonitrile 
in polystyrene,,,,,.,  
Plots of e" versus T(K) for 
3-chloro-2-norbornanone in 
polystyrene   
Plots of e" versus T(K) for 
camphoroquinone in polystyrene.. 
Plots of e" versus T(K) for 
exo-2-bromonorbornane in poly- 
styrene   
Plots of e" versus T(K) for 
1-fenchone in polystyrene... 
Plots of e" versus T(K) for 
1-fenchone in carbontetra- 
chloride   . . 
Plots of e" versus T(K) for 
3-methy1ene-2-norbornanone 
in polystyrene  
Plots of G" versus logV (Hz) 
for norcamphor in polystyrene... 
Plots of G" versus logV (Hz) 
for norcamphor in Santovac®., 
Plots of G" versus logV (Hz) 

























III-3b : Plots of e" versus logv (Hz) 
for camphene in polystyrene... 
III“4b: Plots of e" versus logv (Hz) 
for 5-norbornene-2-carbonitrile 
in polystyrene  
III-5b : Plots of e" versus logv (Hz) 
for 3-chloro-2-norbornanone 
in polystyrene...   
III-6b: Plots of e" versus logv (Hz) 
for camphoroquinone in poly- 
sy t r ene   
III-7b: Plots of e" versus logv (Hz) 
for exo-2-bromonorbornane in 
polystyrene     
III-8b : Plots of e" versus logv (Hz) 
for 1-fenchone in polystyrene... 
III-8b”: Plots of e” versus logv (Hz) 
for 1-fenchone in carbontetra- 
chloride   
III-9b: Plots of e" versus logv (Hz) 
for 3-methylene-2-norbornanone 
in polystyrene........  
III-lc: Cole-Cole plots for norcamphor 
in polystyrene  
III-lc Cole-Cole plots for norcamphor 
in carbontetrachloride    98 
xi i i 










FIGURE III-2d and 
FIGURE III-3d: 
c on tinued.. . 
Cole-Cole plots for camphor 
in polystyrene  
Cole-Cole plots for camphene 
in polystyrene  
Cole-Cole plots for 3-chloro-2- 
norbornanone in polystyrene.,.. 
Cole-Cole plots for camphoro- 
quinone in polystyrene,  
Cole-Cole plots for 1-fenchone 
in G.O.T.P  
Plot of logTT^ versus 1/T (K 
for norcamphor in polystyrene... 
Plot of logTx versus 1/T (K 
for norcamphor in G.O.T.P  
Plot of logTx versus 1/T (K 
for norcamphor in Santovac®  
Plot of logTx versus 1/T (K 
for norcamphor in carbontetra- 
chlor ide    
Plots of logTx versus 1/T (K ) 
























Plot of logTT^ versus 1/T (K ) 
for 5-norbornene-2-carbonitrile 
in polystyrene.  
and 
Plots of logTx versus 1/T (K ) 
for camphoroquinone and 3- 
chloro-2-norbornanone in poly- 
styrene     
Plot of logTx versus 1/T (K ) 
for exo-2-bromonorbornane 
in polystyrene.  
Plot of logTx versus 1/T (K 
for 1-fenchone in polystyrene... 
Plot of logTx versus 1/T (K 
for 1-fenchone in G.O.T.P..  
Plot of logTx versus 1/T (K 
for 1-fenchone in carbontetra- 
chloride  
Plot of logTx versus 1/T (K ) 
for 3-methylene-2-norbornanone 
in polystyrene........  
Plots of e" versus T(K) for some 
long-chain aliphatic normal 
alcohols in polystyrene....  
Plots of e" versus T(K) for 
some.1ong-chain aliphatic normal 
























Plots of e" versus logv (Hz) 
for heptanol-1 in polystyrene... 
Plots of c" versus logV (Hz) 
for heptanol-1 in polystyrene... 
Plots of e" versus logv (Hz) 
for nonanol-1 in polystyrene.... 
Plots of e" versus logv (Hz) 
for nonanol-1 in polystyrene.... 
Plots of e" versus logv (Hz) 
for decanol-1 in polystyrene.... 
Plots of e" versus logV (Hz) 
for decanol-1 in polystyrene.... 
Plots of e" versus logv (Hz) for 
tetradecanol-1 in polystyrene... 
Plots of e" versus logv (Hz) 
for hexadecano1-1 in poly- 
styrene  
Plots of e" versus logv (Hz) 
for octanethiol-1 in poly- 
styrene   . 
Plots of e" versus logv (Hz) 
for octanethiol-1 in poly- 























Plots of e" versus logv (Hz) 
for decanethiol-1 in poly- 
styrene     . . 
Plots of e" versus logv (Hz) 
for decanethio1-1 in poly- 
s tyrene  
Plots of e" versus logv (Hz) 
for dodecanethiol-1 in poly- 
s tyr ene    
Plots of e" versus logv (Hz) 
for dodecanethiol-1 in poly- 
styrene ... .  
Plots of e" versus logv (Hz) 
for hexadecanethiol-1 in poly- 
styrene,.,,.,.,....,.,..,..... 
Cole-Cole plots for pentanol-1 
in polystyrene  
Cole-Cole plots for octanol-1 
in polystyrene,  
Cole-Cole plots for octanol-1 
in polystyrene  
Cole-Cole plots for decanol-1 











XV i i 











Cole-Cole plots for decanol-1 
in polystyrene..  131 
Cole-Cole plots for hexadecane- 
thiol-1 in polystyrene.......... 132 
Plots of logT'i^ versus 1/T (R ) 
for pentanol-1, octanol-1, 
and decanol-1 in polystrene 
(lower temperature processes).., 133 
Plots of logTT versus 1/T (K 
for dodecanol-1, tetradecanol-1, 
and eicosanol-1 in polystyrene 
(lower temperature processes),.. 134 
Plots of logTx versus 1/T (K ^) 
for heptanol-1, nonanol-1 and 
decanol-1 in polystyrene 
(higher temperature processes).. 135 
Plots of logTx versus 1/T (K ^) 
for trideeanol-1, tetradecanol-1 
and hexadecanol-1 in poly= 
styrene (higher temperature 
processes)..,   135 
Plots of logTx versus 1/T (K ^) 
for octanethiol-1, decanethiol-1, 
dodecanethiol-1 and hexadecane- 
thiol-1 in polystyrene (lower 
temperature process)....  137 
Plots of logTx versus 1/T (K ) 
for undecanethiol-1 (lower 
temperature process), octane- 
XV I 








thiol-1 and decanethiol-1 
(higher temperature process) 
in polystyrene,   
Plots of T(S) versus n for the 
lower temperature absortpion 
processes for some long-chain 
aliphatic normal alcohols and 
thiols in polystyrene,  
Plots of ASg versus AH^ for 
lower temperature absorption 
processes for some long-chain 
aliphatic normal alcohols and 
thiols in polystyrene,,..,,.. 
Plots of AHg versus n for the 
lower temperature absorption 
processes for some long-chain 
aliphatic normal alcohols and 
thiols in polystyrene  
Plot of ASg versus AH^ for the 
higher temperature absorption 
processes for some long-chain 
aliphatic normal alcohols in 
polystyrene,....  
Plot of AGg versus n for the 
higher temperature absorption 
processes for some long-chain 
aliphatic normal alcohols and 
thiols in polystyrene,   
Conformation of cis- and trans- 










LIST OF FIGURES continued... 
FIGURE V-la: Plots of e" versus T(K) for 
1,1,1-trichloroethane in the 
pure solid state   
FIGURE V-2a: Plots of c" versus T(K) for 
carbontetrachloride in the pure 
solid state.....   
FIGURE V“3ar Plots ofc" versus T(K) for 
1,1,l“trichloroethane in 
carbontetrachoride  
FIGURE V-4a: Plots of c" versus T(K) for 
1,1,1-trichloroethane in sili- 
contetrachloride.      
FIGURE V-5b; Plots of e " versus logv (Hz) 
for 1,1,1-trichloroethane in 
the pure solid state......... 
FIGURE V-6b: Plots of e" versus logv (Hz) 
for 1,1,1-trichloroethane in 
the pure solid state.  
FIGURE V-7b: Plots of e" versus logv (Hz) 
for carbontetrachloride in the 
pure solid state   
FIGURE V-8b: Plots of e" versus logv (Hz) 
for 1,1,1-trichloroethane in 
carbontetrachloride (8.4 M). 
FIGURE V-9b: Plots of e" versus logV (Hz) for 
1,1,1-trichloroethane in carbon- 












LIST OF FIGURES continued... 
FIGURE V-lOb: Plots of e" versus logV (Hz) 
for 1,1,1-trichloroethane 
in carbontetrachloride (1.71 M). 
FIGURE V-llb: Plots of c" versus logV (Hz) 
for 1,1,1-trichloroethane in 
carbontetrachloride (0.66 M).,.. 
FIGURE V-12b: Plots of e" versus logV (Hz) 







Plot of logTx versus 1/T (K ) 
for 1,1,1-trichloroethane in the 
pure solid state  
Plot of logTx versus 1/T (K ) 
for 1 ,1,1-trichloroethane in 
the pure solid state  
Plot of logTx versus 1/T (K ) 
for carbontetrachloride in the 
pure solid state.   
Plots of logTx versus 1/T (K ) 
for 1,1,1-trichloroethane in 
carbontetrachloride (8.4 M 
and 6.78 M)   
Plot of logTx versus 1/T (K ) 
for 1,1,1-trichloroethane in 





















Plots of loglT versus 1/T (K ) 
for 1,1, l^trichloroethane in 
carbontetrachloride (3.42 M, 
2.05 M)  
Plots of loglT versus 1/T (K ) 
for 1,1,1-trichloroethane in 
carbontetrachloride (1,07 M, 
0.66 M, 0,09 M)  
Plot of logTT versus 1/T (K ) 
for 1,1,1-trichloroethane in 
silicontetrachloride.  
Plot of eV (at 1,01 kHz) vs 
max 
concentration, C (Mol %) for 
1,1,1-trichloroethane in carbon- 
tetrachloride  
Plot of e" (at 1.01 kHz) vs 
max 
concentration, C (wt %) for 
methyliodide in cis-decalin,.. 
Name and structural formulae 
of some spherical simple 
alcohols...,  
Plots of e’* versus T(K) for 
norborneol in polystyrene.. 
Plots of e" versus T(K) for 
norborneol in G.O.T.P  
Plots of £" versus T(K) for 
norborneol in carbontetra- 

























Plots of e" versus T(K) for 
isoborneol in polystyrene.. 
Plots of e" versus T(K) for 
fenchyl alcohol in polystyrene,. 
Plots of e” versus T(K) for 
5-norbornene-2-carboxaldehyde 
in polystyrene   
Plots of £" versus T(K) for 
tert-butanol and methanol in 
polystyrene   
Plots of e" versus T(K) for 
tert-butanol in the pure solid 
state...   
Plots of e" versus T(K) for 
tert-butanol in carbontetra- 
chloride at 1.01 kHz (for 
several mixtures)  
Plots of e" versus logv (Hz) for 
norborneol in polystyrene  
Plots of e" versus logV (Hz) for 
norborneol in G.O.T.P   
Plots of e" versus logv (Hz) for 
isoborneol in polystyrene...... . 
Plots of e” versus logv (Hz) for 












xxi i i 











Plots of e" versus logv (Hz) 
for 5-norbornene-2-carbox- 
aldehyde in polystyrene  
Plots of e" versus logv (Hz) 
for tert-butanol in polystyrene. 
Plots of e" versus logv (Hz) 
for tert-butanol in the pure 
solid state...  
Plots of e" versus logv (Hz) 
for tert-butanol in carbon- 
tetrachloride (92.15 mol %). . 
Plots of e" versus logv (Hz) for 
tert-butanol in carbontetra- 
chloride (71.22 mol %)   
Plots of e" versus logv (Hz) 
for tert-butanol in carbon- 
tetrachloride (50 mol %)........ 
Plots of e" versus logv (Hz) 
for tert-butanol in carbontetra- 
chloride (24.80 mol %)  
Plots of £" versus logv (Hz) for 
tert-butanol in carbontetra- 
chloride (9.03 mol %).....  
Cole-Cole plots for norborneol 











XX i V 











Cole-Cole plots for tert- 
butanol in polystyrene... 
Cole-Cole plots for tert- 
butanol in the pure solid state. 
Cole-Cole plots for tert- 
butanol in carbontetrachloride 
(92.15 mol %)    
Cole-Cole plots for tert- 
butanol in carbontetrachloride 
(83.5 mol%)   
Cole-Cole plots for tert-butanol 
in carbontetrachloride (50 mol %) 
Cole-Cole plots for tert7butanol 
in carbontetrachloride (24.8 mol 
%)   
Cole-Cole plots for tert-butanol 
in carbontetrachloride (9.03 
mol %)   
Plots of loglT versus 1/T (K 
for norborneol in polystyrene 
and G.O.T.P   
Plot of logTx versus 1/T (K ) 
for norborneol in G.O.T.P. 










• • 316 
XXV 











Plot of logTx versus 1/T (K ) 
for norborneol in carbon- 
tetrachloride  
-1 
Plot of logTx versus 1/T (K ) 
for isoborneol in polystyrene... 
Plot of logTx versus 1/T (K 
for fenchyl alcohol in poly- 
styrene   
Plot of logTx versus 1/T (K ) 
for 5-norbornene-2-carbox- 
aldehyde in polystyrene.  
Plot of logTx versus 1/T (K ) 
for tert-butanol in poly- 
styrene....  
Plot of logTX versus 1/T (K 
for methanol in polystyrene,,, 
Plot of logTx versus 1/T (K 
for tert-butanol in the pure 
solid state......  
Plots of logTx versus 1/T (K ) 
for tert-butanol in carbon- 
tetrachloride -( 92 . 15 mol % and 
24.8 mol %)....._   
Plots of logTX versus 1/T (K 
for tert-butanol in carbon- 
tetrachloride. (83.5 mol%, 
71.22 mol %, 64.42 mol %, 























Plots of logXT versus 1/T (K ) 
for tert-butanol in carbontetra- 
chloride (50 moI%, 9,03 mol %).• 
Plot of e" versus concentra- 
max 
tion C (mol %) for tert-butanol 
in carbontetrachloride at 1.01 
kHz     . . 
Name and structural formulae 
of some substituted phenols 
and related molecules..  
Plots of e" versus T(K) for 2,6- 
dichlorophenol in cis^decalin.. 
Plots of e" versus T(K) for 
2,4,6—trichlorophenol in cis- 
decal in........    
Plots of e" versus T(K) for 2, 
4,6-tribromophenol in G.O.T.P.. 
Plots of versus T(K) for 2,6- 
dichloro-4-nitrophenol in 
G .0 .T .P  
Plots of e" versus T(K) for 
2,6-dinitro-4-methylphenol in 
G.O.T.P   
Plots of e" versus T(K) for 2,-. 












XXV i i 











Plot of e" versus T(K) for 
2,3,4,5,6-pentachlorobenzene- 
thiol in G.0.T.P       
Plots of e" versus T(K) for 
tropolone in G.0.T,P. 
Plots of e" versus logv (Hz) 
for 2,6-dichlorophenol in cis- 
decal in. . . .      
Plots of e" versus logv (Hz) 
for 2,4,6-tr ic'hlorophenol 
in cis-decalin  
Plots of e" versus logv (Hz) 
for 2,4,6-tribromophenol in 
G.O.T.P   
Plots of e" versus logv (Hz) 
for 2,4,6-triiodophenol in 
G.O.T.P  
Plots of e”: versus logv (Hz) for 
2,6-dichloro-4-nitrophenol in 
G.O.T.P  
Plots of e" versus logv (Hz) for 
2,6-dibromo-4-nitrophenol in 
G.O.T.P...   
Plots of s" versus logv (Hz) for 
2,6-dinitro-4-methyIphenol 























Gontinued. . . 
Plots of e" versus logv (Hz) 
for 2,4,6-tri“tert-butyIphenol 
in cis-decalin   
Plots of e" versus logv (Hz) 
for tropolone in G*O.T.P  
Cole-Gole plots for 2,4,6- 
tri-iodopheno1 in G.O.T.P  
Cole-Cole plots for 2,6-dinitro- 
4-methylphenol in G.O.T.P.  
Cole-Cole plots for 2,4,6-tri- 
tert-butyIphenol in cis-decalin. 
Cole-Cole plots for tropolone 
in G.O.T.P  
Plot of loglT versus 1/T (K ) 
for 2,6-dichlorophenol in cis- 
decalin  
Plot of logTx versus 1/T (K ) 
for 2,4,6-trichlorophenol in 
cis-decalin.....  
Plot of loglT versus 1/T (K ^) 
for 2,4,6-triiodophenol in 
G.O.T.P  
Plot of logTx versus 1/T (K ) 
for 2,6-dichloro-4-nitro- 






















Plot of logTx versus 1/T (K 
for 2,6-dibromo-4-nitrophexiol 
in G.O.T.P. . .    
Plot of logTx versus 1/T (K ) 
for 2,6-dinitro-4-methylphenol 
in G.O.T.P. . . . . .    
Plot of logTx versus 1/T (K ) 
for 2,6“dinitro-4-methylphenol 
in Santovac ®.    
Plot of logTx versus 1/T (K ) 
for 2,6~di-tert-butyIpheno1 in 
cis-decalin   
Plot of logTx versus 1/T (K ) 
for 2,4,6-tri-tert-butylphenol 
in cis-decalin   
Plot of logTx versus 1/T (K ) 
for 2,3,4,5,6-pentachlorobenzene- 
thiol in G.O.T.P    
Plot of logTx versus 1/T (K 










INTRODUCTION AND BASIC THEORY 
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I-l; INTRODUCTION 
The dielectric absorption approach has been 
the subject of considerable interest in dealing with a 
variety of problems: studies of (i) the properties and 
uses of commercial dielectric materials, and (ii) the 
structure and molecular forces in different types of systems, 
A vast majority of dielectric studies (1,2) for gaining 
information of the molecular structure in dilute solutions 
of a polar substance in a non-polar liquid or in pure polar 
liquids HaS been carried out at microwave frequencies. 
Aromatic molecules containing rotatable polar groups have 
been studied extensively by the dielectric absorption 
technique (3), Information about the dielectric properties 
of agricultural materials (4,5) as well as systems of biologi- 
cal interest (6,7) have also been the subject of applied 
studies in this area. Considerable information has also been 
obtained from dielectric absorption measurements of polymers 
and their aqueous solutions (8), Dielectric measurements (9) 
have provided a sensitive means of investigating the 
properties and uses of commercial dielectric materials in 
the solid phase. 
Dielectric studies of a wide variety of polar 
solutes dispersed in non-polar solvents of varying viscosities 
have indicated that the molecular relaxation times are 
more sensitive to the viscosity of the medium than 
the group relaxation times. Consequently, attempts have 
been made to separate the two processes by increasing 
the solvent viscosity. In recent years, the dielectric 
absorption studies of polar solutes dispersed in poly- 
styrene matrices have received considerable attention 
in the literature. This method has proved successful for 
determining the accurate intramolecular energy barriers 
(10,11) which can also be obtained with the other relaxa- 
tion techniques '(12) . One of the great advantages of 
this technique is that for a system with a flexible polar 
molecule, where there exists a possibility of simultaneous 
molecular and intramolecular processes, the relaxation time 
for the former can be increased to such an extent that 
either it may be slowed down considerably or may even be 
eliminated owing to the high viscous surrounding medium, 
so that either or both the processes may be studied 
separately. Such a technique appeared more straightforward 
in comparison to the dielectric solution studies, since 
in the latter situation complications are frequently 
met owing to the overlap of the different types of 
absorption processes which for their separation require 
a Budo* analysis. In a number of cases, however, the latter 
is now known to be unsatisfactory (13). Moreover, the 
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frequency and temperature ranges accessible to the 
solution studies are fairly limited, and hence the relaxa- 
tion parameters cannot be deduced with reasonable accuracy. 
However, these limitations do not seem to be in the way 
of the polymer matrix technique, as different instruments 
can be used to cover a wide frequency range of investi- 
gations over a broad range of temperature, (i.e, from 
liquid nitrogen temperature (^80 K) to the glass transition 
temperature of the matrix system). Thus, it seemed that the 
polystyrene matrix ,technique can be used more reliably for 
determining the relaxation parameters comparable to those 
determined by other direct relaxation methods. 
It is now well established that dielectric 
studies of solutes dispersed in a polystyrene matrix are 
especially suited to group-relaxation studies and may lead 
to the accurate determination of intramolecular relaxation 
parameters (energy barriers). Most recently several 
other molecular glass-forming solvent systems, namely, cis- 
decalin, o-terphenyl, and polyphenyl ether (bis m(m-phenoxy- 
phenoxy)pheny1 ether, commonly known as Santovac®) have 
been used by polymer matrix techniques. Previous works (16) 
have demonstrated that the intramolecular enthalpies of 
activation do not change appreciably in any of these 
solvents 
5 
The phenomenon of hydrogen bonding, because 
of its special significance in the fields of chemistry, 
chemical physics and molecular biology, has been of 
great interest over the last three decades and has 
stimulated a large and growing volume of study. Infrared 
absorption and nuclear magnetic resonance spectroscopy 
have provided very sensitive means of detecting hydrogen 
bond formation and have been extensively employed in both 
qualitative and quantitative studies of hydrogen-bonded 
systems. These are not the only tools available, and 
many other techniques have provided important results. 
Each method has its own particular assets and limitations 
in its application to hydrogen bonding, and these have 
been well described and discussed elsewhere (14,15). 
Dielectric absorption techniques are becoming increasingly 
important as a means for studying the nature and strength 
of hydrogen bonding. Several texts on hydrogen bonding 
(14,17,18) and books and reviews on dielectric studies 
(1,19-21) contain contributions on dielectric phenomenon 
of hydrogen bonding systems. Of particular interest is 
the application of relaxation kinetics to these systems 
which has recently become an important and promising 
experimental technique. 
Relaxation studies by various techniques 
on hydrogen bonding have been reviewed (22-24) which reveal 
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the potential of these techniques. 
The research work presented in this thesis is 
concerned primarily with dielectric relaxation studies 
of some potential systems involving molecular interaction 
particularly intermolecular and/or intramolecular hydrogen 
bonding as well as of some related molecules in which 
polystyrene and several other glass-forming media are 
utilized as solvents. Relaxation studies for these systems 
provide Eyring activation parameters for both the 
molecular and intramolecular motions which, in turn, can 
reveal molecular size and structure as well as the nature 
of molecular interactions involved therein. 
The basic theory, experimental techniques, 
sample preparation, and the methods of evaluation of 
relaxation parameters from dielectric data are described 
in Chapers I and II. 
Chapter III describes a study of some fairly 
polar, almost spherical, rigid molecules in polystyrene 
matrices and for some cases in other glass forming media 
too. The molecular relaxation parameters have been found 
to vary as the size, shape and volume of the molecules, 
and the dispersion medium are altered. The molecular 
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relaxation parameters for these rigid molecules are used 
for the assignment of a particular process in similarly 
sized flexible and rigid molecules in different glassy 
media in the following chapters. 
Chapter IV gives a study of some aliphatic 
long-chain primary alcohols and thiols in the usual con- 
cent rat ion . range of polystyrene matrices ("^5 % by wt. ) . 
No evidence for intermolecular hydrogen bonding is found 
at the low concentrations employed in this study of 
alcohols and thiols in polystyrene matrices. 
The study of molecular relaxation of 1,1,1- 
trichloroethane, a fairly polar spherical rigid molecule 
in another almost similar-sized, spherical non-polar 
molecule, carbontetrachloride, is described in Chapter V. 
The influence of solute concentration upon the relaxation 
parameters, as well as on the dielec trie ..los s factors, has 
been studied and discussed in this chapter. These are 
studies of weak molecular interaction and are also useful 
in conjunction with other studies on virtually spherical 
molecules in the next chapter. 
Chapter VI includes the dielectric relaxation 
study for some simple, almost spherical alcohols in 
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different dispersion media at various concentrations. 
At normal concentration % by wt.) no evidence for 
intermolecular hydrogen bonding, at moderate concentra- 
tion hydrogen bonding in G.O.T.P. and at higher concentra- 
tion evidence for polymeric aggregates are found in 
polystyrene matrices. tert-Butanol has also been studied 
in the pure solid state and in carbontetrachloride solution 
at various concentrations. The effect of solute concentra- 
tion on the dielectric loss factor and on the relaxation 
parameters has been discussed. 
Chapter VII describes a study of some potentially 
intramolecular hydrogen bonded substituted phenols in 
cis-decalin, G.O.T.P. and Santovac® and introduces the 
influence of conjugation on -OH group relaxation* In most 
of the cases, hydroxyl group relaxation is observed. The 
influence of (a) the strength of intramolecular hydrogen 
bond, (b) an electron withdrawing group at the para-position 
of the ring, (c) bulky tert-butyl group at the ortho- 
positions of the ring and (d) the nature of the dispersion 
medium upon the relaxation parameters for hydroxyl group 
has been discussed. The possibility of proton tunneling 
in these substituted phenols and in tropolone is considered. 
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1-2: BASIC THEORY 
The fundamental theories and basic equations 
for dielectric absorption techniques are well established. 
This is concerned mainly with the polarization and dielectric 
absorption due to dipole orientation (9). 
When one investigates the properties of 
certain capacitors, it leads to the concept of dielectric 
constant which is better described by the term dielectric 
permittivity. When alternating current is switched on, 
the capacitor will have alternating positive charges and 
negative charges, and these charges depend on the frequency 
of the alternating current. The dielectric constant, or 
permittivity e\ is a characteristic of the medium between 
two charges. It may be defined as the ratio of the field 
strength in vacuum to that in the material for the same 
distribution of charges. It is also given by the ratio 
of capacitance C, of a condenser filled with the material 
to the capacitance C^, of the empty condenser. 
At lower frequencies for most simple molecules, 
the measured dielectric cons tant does not vary with the 
measuring frequency and contains contributions from the 
orientation,:atomic and electronic polarization. In this 
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frequency range the dipole and the field are in phase and 
the measured dielectric constant has the maximum value 
and is termed the static dielectric constant, As the 
frequency is increased up to the microwave region, the 
dipole at some stage lags behind the measuring field and 
the resulting phase difference, |6| between the applied 
voltage and reorientation of the dipoles causes a dissipa- 
tion of energy known as Joule heating which is measured 
by the dielectric loss l^"! defined by: 
e" = e^tand I-l 
where e* is the real part of the dielectric constant and 
tan6 is the loss tangent or energy dissipation factor. In 
this high frequency region the dielectric constant becomes 
a complex quantity (£*) where: 
e* = £* - ie" (where i = (-1)^ 1-2 
quantity of dielectric constant (e*), 
n 
FIGURE 1-2: 
Frequency dependence of real (eM and imaginary (e") parts 
of the permittivity in a relaxation region. 
At low frequencies, providing that the molecule 
is sufficiently small and the retarding force is not 
great, the dipole responds instantaneously to the field 
variation with time, but as,the frequency is increased, 
the motion of the molecules is not sufficiently rapid to 
maintain equilibrium with the field variation. Hence, 
there is a time lag in the response of the molecules with 
respect to the field and the polarization at any time 
t. is less than the equilibrium value P^, as described 








where T is called the relaxation time of the dielectric. 





So the relaxation time may also be defined as the time in 
which the polarization is reduced to 1/e times its 
original value when the field is switched off. 
The frequency dependence of the complex 
permittivity in the region of dielectric absorption for 
a system characterized by a single discrete relaxation time 
is given by the Debye equation (25,26): 
e* e ' = e + 
e e 
0- oo 
l + ia)T 
1-4 
where O) = 2TTV = the angular frequency in rad s and V is 
the measuring frequency. Separating the real and imaginary 
parts: 
£ ' 




(£ -£ )03T 
0 0° 
1+(O) T) 2 1-6 
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From Equation 1-6 it is evident that e" is maximum for 
03T = 1 and: 
max 
1-7 
Elimination of OOT from equations 1-5 and 1-6 gives: 
£ +£ o o £ -e o 
(£*  o ) + (e ) = (  ) 1-8 
This is the equation of a circle with the centre lying 
on the abscissa. The locus of e* and e" in an Argand 
diagram is a semi-circle of radius (e^-e^)/2 and is 
known as the Cole-Cole plot (27), 
For many systems these equations may be 
satisfactorily valid, but for the systems, where more 
than one relaxation process is involved in the dielectric 
absorption, the analysis of experimental data becomes 
more complicated. In this case, the centre of the semi- 
circle is often depressed below the e’-axis, and the 
experimental data can normally be represented by an equation 
developed by Cole and Cole (27): 
£* = e' - ie" = £ 0 oo 1-9 
1+ ( ICOT ) 
0 




where v is the frequency at.which maximum absorption 
max 
occurs, ot is the distribution parameters, which may have 
values between 0 and 1, while its deviation from zero 
measures the distribution of relaxation times. When 
a = 0, the Debye equation is obtained. 
A number of other functions has been consideredfor 
thenon^Debye type of absorption curves, Cole-Davidson 
(28) have formulated a function which describes right- 
skewed arcs. The equation is given by: 
£= -£ 
oo 
e* = e» ^ ie" = e +  ^ r  I-IO 
where h is a constant which may have values O^h^l, with 
h = 1 corresponding to the Debye equation. This equation 
seems to be very successful in representing the 
behaviour of substances at low temperature. It is also 
often employed to interpret the dielectric absorption for 
a relaxation mechanism involving cooperative motion (29,30). 
The most frequently used empirical expression 
for non-Debye types of relaxation is the Fuoss-Kirkwood relation 
(31) given by: 
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e" = e" sech[31n(v , /v )] l-ll 
max ob s■ max 
where V , is the observed frequency in Hz^ and V is 
obs max 
the frequency at which maximum absorption occurs and 3 
is an empirical constant known as the distribution parameter. 
This measures the absorption width and may have values between 
unity for a single relaxation and zero for an infinite 
range, 
For molecules, which contain a rotatable polar 
group, dielectric absorption may often be characterized 
by two discrete relaxation times corresponding to molecular 
and intramolecular rotations. Bud(^ (32) considered that 
for multiple discrete relaxation processes the complex 
dielectric constant could be represented by the superimposition 
of overlapping Debye absorptions. Thus, for systems having 
two discrete processes with relaxation times Xi and T2 
the following equations can be deduced: 
e ’ - 
e 
G 
1 2  £> ^ +  ± ^ 11-12 










where and C2 are the weighting factors of the two 
contributing absorptions and 
When is small, an almost symmetrical Cole-Cole plot 
results. The dielectric absorption data for systems with 
significant T i f'i 2 and may separate wholly 
or partially into two distinct absorption regions. 
A number of models has been suggested to account 
for the mechanism of the molecular relaxation processes. 
Debye (25) has suggested a simple relaxation mechanism and 
according to his theory each dipole has two equilibrium 
positions separated by an energy barrier, AE. In such 
a situation the dipoles will oscillate within the potential 
minima, and sometimes acquire enough energy to jump the 
barrier, but at any instant there are equal numbers of 
dipoles occupying each position. If an electric field is 
applied, a small excess of dipoles will rotate into more 
favourable positions, thus giving rise to polarization. 
The Eyring rate theory (33) is often applied 
to the reorientation of an electric dipole between two 
equilibrium positions. According to this treatment if 
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AG„ is the free energy of activation for the dipole to 
hj 
reach the top of the barrier opposing reorientation, then 
the number of times such a reorientation occurs per second 
is given by the expression: 
1/T = (KkT/h) exp (-AG^/RT) 1-14 
£i 
where T is the absolute temperature, h is Plank^s constant, 
R is the universal gas constant, k is the Boltzmann’s 
constant and K is the transmission coefficient normally 
taken to be 1; this corresponds with the case that each 
time the dipolar molecule is excited to the top of the 
energy barrier it continues to move in the same direction 
to the adjacent minimum position. Thus, the process 
is one of relaxation between two equilibrium positions, 
but it is commonly referred to as rotation. Using AG^ = 
AH - TAS„ and taking logarithms the equation 1-14 can 
rj 
be rearranged to the following form; 
In(xT) = (AHg/RT) + ln(h/k) - (AS^/R) 1-15 
where AH„ is the enthalpy of activation, and AS the entropy 
£i hj 
of activation for this dipole relaxation process. From 
this equation it is evident that a plot of logTx versus 1/T. 
should give a straight line of which the slope and the 
intercept will lead to the values of AH and AS respectively. 
il £j 
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Through a computer program the relaxation time T and the 
free energy of activation AG„ at different temperatures 
EJ 
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APPARATUS AND EXPERIMENTAL 
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II-l: INTRODUCTION 
When a material of dielectric constant e 
completely fills the space between the two plates of an 
ideal capacitor, the dielectric constant is defined by the 
simple ratio: 
o 
where C is the capacitance when the space is filled with 
the material and is the capacitance measured when there 
is a perfect vacuum between the plates. In fact, e is not 
a constant^ it is a frequency dependent complex quantity, 
£*, defined as; 
e* = - ie" II-2 
where i = 
If a sinusoidal potential of amplitude E and frequency 
0) rad, is applied to the capacitor, then the current, I 
flowing through the circuit can be expressed as; 
= E03C = EcoC (.£' - 
o 
I ie") II-3 
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In this equation the real component known as the 
charging current^is 90° out of phase with the applied 
potentialjand therefore^does not involve any electrical 
work. The imaginary component, EooC^e", known as the loss 
current, is, however, in phase with the applied potential 
and is related to the energy dissipated as heat since it 
causes some electrical work to be done given by the dot 
2 
product El = E coC^e". Now, if we define 6 as the angle 
between the total current and the charging current axis, 
(ife., the angle by which the charging current fails to 
become 90° out of phase with the potential) then; 
r. loss current e" -r-r / tan 0 =  —:   = —T ^11-4 charging current e' 
where e’ is the observed dielectric constant according to 
equation II-l and G" is known as the loss factor, which is 
directly proportional to the concentration of the polar 
material in the dielectric. These are the basic principles 
of all dielectric measurements. 
Most of the compounds studied for this thesis 
were either as pure solid or solutes dissolved in (a) carbon 
tetrachloride, (b) cis-decalin< (c) polyphenyl ether, 
(bis m(m-phenoxy phenoxy)pheny1 ether), commercially known as 
Santovac® (1), (d) glassy o-terphenyl, and (e) 
polystyrene matrices. The solutes were either 
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solids or liquids. Dielectric measurements were performed 
by the use of the General Radio 1621 Precision Capacitance 
Measurement System, Actual measurements were made by 
bringing the bridge into balance as indicated by the 
detector for solutions studied in a variety of 3-terminal 
co-axial and parallel-plate capacitance cells. The glass 
transition temperature, T , of some of the chemical 
§ 
systems, were measured by the use of glass transition 
measurement apparatus. Both the 3-terminal co-axial cell 
and the glass transition measurement apparatus were designed 
by Mr, B. K, Morgan of this laboratory. 
II-2; THREE-TERMINAL CO-AXIAL CELL 
The 3-terminal co-axial cells which were used 
for this work are illustrated in the following figures 
(reproduced by the courtesy of D. L, Gourlay (2)), Figure 
II-l and Figure II-2 present the cross-sections of the 3- 
terminal co-axial and parallel plate capacitance cells. 
The liquid cell is circular and has concentric stainless 
steel electrodes, A and B, Their shape permits the rapid 
transfer of heat to or from the solid aluminium case "C", 
The undersides of the electrodes are insulated from the 
case by a 0.25 cm thick Teflon disk, A 0,50 cm thick 
Teflon sleeve insulated the outer circumference of electrode 
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FIGURE II-l: Three-terminal coaxial cell 
FIGURE II-2: Three-terminal parallel plate capacitance cell 
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B. The fringe field is practically eliminated by the 
presence of the grounded case below and a grounded guard 
ring, E, above. The circular Teflon cap, F, fits closely 
into the top of electrode B to prevent the escape 
of liquid vapours. 
The sample can be introduced into the 0.5 cm 
gap between electrodes A and B by a disposable pipette. 
One and a half ml of sample is sufficient to fill the cell. 
To clean the cell, the sample is sucked up with a dropper 
and the electrodes are flushed with solvents (first with 
acetone and then with cyclohexane) several times. The 
electrodes are dried by pushing down cotton swabs into the 
filling hole, wiping around the electrodes by wide strips 
of cardboard and finally, blowing hot air. 
The lid of the cell, G, is secured to the 
case by four recessed bolts. The surface between G and C 
is coated with heat conductive grease of the type used with 
semiconductor heat-sinks. The outer cell wall is insulated 
by a ring of microcellular polystyrene foam which is flush 
with the top of G, The insulation has a wall thickness of 
5 cm. The cellos underside is also insulated with a 23 
cm diameter and 5 cm thick disk of polystyrene. Figure II-2 
presents the 3-terminal circular parallel-plate capacitance 
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cell which was used for dielectric measurements of samples 
dispersed in polystyrene matrices in the form of a solid disk. 
Each cell can be rapidly cooled from the top by 
conduction through a flat-bottomed, styrofoam insulated, 
liquid nitrogen container, Heating balance was accomplished 
through a temperature control circuit consisting of a thermo- 
couple, and a thermoelectric temperature controller model 
3814021133 unit (accuracy "^^±0,1°C) using a nichrome wire heating 
element surrounding the cell. 
II-3j THE. GENERAL’- RADIO BRIDGE 
The dielectric measurements for the purpose of 
this thesis were carried out with the GR1621 Precision 
Capacitance Measurement System which consists of a GR1616 
Precision Capacitance bridge with a GR1316 Oscillator and 
a GR1238 Detector. This GR1621 system allows measurement 
of the capacitance and conductivity of a capacitor very 
precisely at frequencies ranging from 10 Hz to 10^ Hz. 
The GR bridge measures the capacitance and 
conductivity of the capacitor, which can be related to the 
components of the complex permittivity by the following 
equations (3): 
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e* = C/C o II-5 
and 
e" = G/coC o II-6 
where C^ is the capacitance of the empty condenser; 
0) - 2TTV is the angular frequency of the applied field in 
radian s ^ and V is the frequency in kHz, 
Since it is difficult to obtain C^ through 
measurement in the case of the para'llel plate capacitance’, c 
cell, C may be calculated from the relation (4): o 
C = 0^0®^ II-7 
o d 
where A is the effective area in square centimeters and 
d is the spacing of the plates in centimeters. Elimination 
of C^ from these equations gives: 









where C is the capacitance of the cell with the sample in 
picofarads and G is the conductivity of the system in 
picomhos. e" may be determined either from Equation II-6 
or from a combination of Equations II-8 and II-9, if the 
values of C and A are known, o 
In order to determine the relevant constants 
(C^ for co-axial and A for parallel plate cells), both 
systems were calibrated by studying samples of precisely 
known e^ at a given temperature. The coaxial cell was cali- 
brated with purified cyclohexane at room temperature. A 
quartz disk, supplied by Rutherford Research Products Co., 
of 0.1318 cm thickness and a diameter of 3.819 cm was used 
for calibration of parallel-plate capacitance cell. 
Calibration studies were also carried out down to liquid 
nitrogen temperatures to see if there was any variation 
between values of e* determined at room temperature and 
those at lower temperatures. Variation was considered 
negligible. 
II-4: SAMPLE^. PREPARATION AND DlELECTRIC* MEASUREMENTS 
Samples placed in the coaxial cells were pure 
liquid or liquid solutions. The solutions were prepared 
by adding a given quantity of solute to a required quantity 
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of solvent such that the resultant solution had a required 
concentration depending upon the magnitude of the dipole 
moment of the solute and, in certain cases, on the solubility 
of the solute in the solvent. The cells were then filled 
with this solution for dielectric measurement. 
dispersed in atactic polystyrene, the samples were prepared 
by employing the procedure similar to that described by 
Davies and Swain (5). The desired amount of solute 
(0.12-0.20) and polystyrene pellets (2.0 g) was dissolved 
in *^10 ml of 1,2-trans-dichloroethylene, in a porcelain 
crucible. The mixture was stirred thoroughly until it 
dissolved completely, followed by evaporation in a drying 
oven and vacuum oven at about 85-100°C. The plastic mass 
was then placed in a stainless steel die, heated to 'V110°C, 
pressed by applying a pressure of five tons, cooled, removed, trimmed 
to size and its average thickness, was measured. The weight of the disk 
was also noted and the molar concentration of. the solute in the matrix 
was calculated according to the formula given.by Tay and Walker (6) as: 
In the case of solutions of polar solutes 
concentration = 
wt. of solute used wt. of disk 
-  - - - — — — -- ^ ■ —II -  - - - . - . 
mol. wt. of solute wt. of P. S'.+ Solute vol. of disk 
1000 
The polystyrene matrix disk was then clamped between the 
electrodes of the parallel-plate capacitance cell and the 
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dielectric measurement was carried out. 
For a chemical system, the dielectric character- 
istics of which were unknown, the sample was cooled down 
to near liquid nitrogen temperature and slowly heated up 
to the glass transition temperature while capacitance and 
conductance at recorded temperatures were taken periodically. 
From the resultant plot of e" or tan 6 (as calculated from 
experimental data) versus temperature (K) at fixed 
frequency (usually 50 Hz and 1 kHz), suspected areas of 
dielectric absorption were identified. The system was then 
heated again to room temperature and cooled quickly to some 
temperature, well below the temperature at which the absorp- 
tion process was expected to begin from the lowest 
frequency of the measurement. Full frequency dielectric 
measurements at specific temperatures were then carried 
out so as to obtain a broad logv range as possible. The 
temperature was recorded to an accuracy of ±0,1°C with 
the help of a Newport 264-3 platinum resistance thermometer. 
II-5: ANALYSIS- OF, EXFERIMENTAL DATA 
The experimental data, obtained by dielectric 
measurements, were analysed by the use of a series of 
calculator and computer programs. The programs were written 
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in the APL language. The dielectric loss for the pure 
solute was obtained by subtracting the loss for the pure 
solvent at each frequency from that observed for the 
samples solution, that is: 
e" = e" — e" 
solute solution solvent 
For each temperature, the dielectric loss 
values at different frequencies were subjected to analysis 
by the Fuoss-Kirkwood equation, (Equation I-11), the linear 
form of which is: 
-1 
cosh (. - )= 2.303 B (logv - logv) II-IO 
By iteration the program (entitled FUOSSK) finds that value 
of £" which provides the best straight line fit to the max 
plot of cosh ^(e" /e") versus logv. The slope of the ^ max 
straight line gave the value of the distribution parameter 
(3), and the frequency of maximum absorption (v ) was in 3. X 
obtained from the slope and the intercept of the line on 
the cosh ^ axis, 
The Fuoss-Kirkwood equation does not deal with 
the real part of the complex permittivity nor does it 
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deal with the limiting values at low and high frequencies, 
and , respectively, except that the total dispersion 





The analysis was therefore^supplemented with the Cole-Cole 
Equation ( 1-9 ) to obtain in conjunction with the 
following relation (7) for the value of a, the Cole-Cole 
distribution parameter 
1-a 
/T’ cos(^^J-~^^) 11-12 4 
Using the values of £* at various frequencies several 
estimates of were obtained and the average was calculated 
along with a value for at the frequency of maximum 
loss. 
The results of the foregoing analysis were utilized 
to obtain the effective dipole moments (y) involved in the 
relaxation process from both the Debye (8) Equation (IlrlS) 
and the Onsager (9) Equation (11-14); 
11-13 
2700 kT(e - £ ) 
0 °° 
47rNC(e* + 2)2 
m 
900kT(2e +£)(£ -e) 
  0 ^ 0 ^ 
4TTNC£ (£ + 2)2 
0 oo 
where the value of £^ - £^ is given by the Equation II-ll, 
£^ is the value of £’ at O) = 1/T = 2TTV , £ is 
m max o max 0 
the static dielectric constant derived from the estimated 
average of £^, and Equation II-ll, C is the concentration 
in mols litre T is the temperature in K, N is the 
Avogadro^s number and k is the Boltzmann constant. These 
equations yield y in units of e.s.u.—cm, but commonly this 
parameter is expressed in Debye units, where:. 
— 18 
1 D = 1x10 e.s.u,— cm 
From the observed y-values at different temperatures 
extrapolated values of the dipole moment at around room 
temperatures were estimated by a separate computer program 
or manually, for comparison with the corresponding litera- 
ture values 
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Dipole reorientation was considered as rate 
process and the energy barrier opposing the dielectric 
relaxation process was obtained by use of the Eyring rate 
Equation 1-15 , a procedure commonly adapted in dielectric 
work (7,10), 
In(Tx) = - (-^ - ln(|-)) II -15 
The plot of logTx versus 1/T yielded good straight lines 
of which the slope and the intercept yielded the enthalpy 
of activation and the entropy of activation^respectively^ 
through a computer program. The program also provided 
the relaxation times (T) and the free energies of 
activation (AG„) at different temperatures according to the 
jCi 
Equation, AG„ = AH„ - TAS_, 
£4 sh rj 
Cooperative processes usually yielded a bent 
(a non-Arrhenius behaviour) curve at higher temperature. 
In this case the Eyring activation parameters were calculated 
by the limiting slope of the plot logTx versus 1/T at the 
lower temperature limits. 
Standard statistical techniques (11) have been 
employed in fitting the analysis of the experimental data 
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with various computer programs which provided different 
confidence interval widths for important parameters viz., 
logV , 3, and enthalpies and entropies of activation. For 
max 
the present purpose, however,.95% confidence intervals 
were chosen as a good representation of experimental error. 
The Fuoss-Kirkwood parameters, logV , e" , T ^ » o max’ max 
and 3, and the results of Eyring analysis have been given 
in tables in relevant chapters. 
II-6: GLASS TRANSITION TEMPERATURE MEASUREMENT APPARATUS 
This apparatus, shown in Figure II- 3 , was 
constructed by Mr. B, K. Morgan of this laboratory in 
consultation with Dr, N, Koizumi of Kyoto University, 
Japan, It detects linear expansion of solid or frozen 
liquid samples. Heating the sample N causes the inner 
pyrex tube to move upwards relative to the outer pyrex 
tube. This movement is transmitted from the cap of the 
inner tube to the core of the transducer, C, Movement 
of the core causes a change in the electromagnetic 
coupling between the input and output coils of the transducer. 
The output coil is connected to a strip chart recorder 
which displays a rising trace as the sample is heated 
38 
Figure II-3: Class Transition Temperature Measurement Apparatus. 
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towards the glass transition temperature. Near the glass 
transition temperature the trace levels off and then begins 
to fall as the sample softens. There are two interchangeable 
sample holders with the apparatus. The sample holder S 
for the sample solid at room temperature, and N for the 
samples which are liquid at room temperature. 
The solid sample was prepared in the form of a 
strip roughly 20 mm x 8 mm and 1 or 2 mm thick. The 
sample was secured at one end by a small screw in a slotted 
rod which fits freely in sample holders. The liquid 
sample was poured at room temperature into a disposable 
polyethylene cup. The cup was placed in its stainless 
steel holder under the central pyrex tube. The central 
tube was raised by the cap of the outer tube, to 
which it was connected by two sliding rods. It was not 
lowered until the sample had been frozen. The sample holder, 
sitting within two interlocking circular blocks, M and T, 
was cooled rapidly by pouring the liquid nitrogen into 
funnel K, When the sample had been cooled to about 40°C 
below the expected glass transition temperature,,the 
transducer position was adjusted. The temperature of the 
sample was then raised manually by raising the digital 
temperature setting of the controller in increments of 1°C 
per minute. The temperature was recorded with the help of 
.40 
a Newport 254-3 platinum resistance thermometer and the 
temperature was also periodically recorded by hand on the 
chart until the glass transition temperature passed. 
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CHAPTER III 
DIELECTRIC RELAXATION PROCESSES OF 






A large number of rigid dipolar molecules 
has been extensively studied dielectrically in a variety 
of solvents and in the pure state. Attempts have been 
made to investigate the dependence of dielectric relaxa- 
tion time (T) and enthalpy of activation upon such 
factors as: entropy of activation (AS^), the size and 
shape of the polar molecules, volume swept out by the 
molecules in the orientation processes, moments of inertia, 
the direction of the dipoles within the molecule and also 
upon the viscosity of the medium. 
In an earlier investigation, Higasi (1) showed 
an almost linear dependence of activation entropy upon 
the corresponding activation enthalpy for a variety of 
organic molecules. He tentatively postulated 
that "the entropy change is zero or has a small negative 
value if AH_ is below 13.4 kJ mol Kalman and Smyth 
(2) observed the same relationship for the almpat spherical 
molecules^ 2,2-dichloropropane, 2,2-dinitropropane, camphor, 
a-chloronaphthalene, isoquinoline, 2-bromobipheny1 and 
acridine in Nujol solution. Davies and Edwards (3) have 
also reported a similar relationship between AH^ and AS^ 
for molecular relaxation processes of polar molecules having 
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various sizes and shapes of the types: camphor, enthrone, 
cholest-4-ene-3“one, tetracyclone and 3-naphthol, This 
linear dependence between AH^ and AS^, may be explained 
qualitatively if the activation energy is assumed to be 
largely needed to displace adjacent solvent molecules 
for reorientation of the solute molecule. Thus, the larger 
the energy required for AH^, , the greater will be the local 
reorganizational entropy. Dicarlo and Smyth (4) studied 
4“iodobipheny1 and 2-iodobipheny1 in Nujol and obtained the 
activation enthalpies of 31,8 and 25.9 kJ mol respectively. 
The 4-iodobipheny1 molecule, having its dipole moment along 
the long axis, had a six-times longer molecular relaxation 
time than that of the 2-iodobipheny1, This was attributed 
to a greater volume being swept out by the former molecule 
in reorienting about its two short axes in comparison with 
2-iodobipheny1, where the principal component of the dipole 
lies along a short axis of the molecule and relaxation 
occurs predominantly by rotation around the long axis, 
Pitt and Smyth (5) demonstrated that for the three rigid 
dipolar ketones of fairly similar size and shape, viz.^ 
enthrone, fluorenone and phenanthrenequinone in benzene 
solution, the phenanthrenequinone had a longer molecular 
relaxation time and larger AH„, and this was attributed 
ill 
to a greater volume being swept out by this jmolecule. in 
orienting about its long axis. Crossley and Walker (6) 
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examined three non-spherical rigid molecules: quinoline, 
isoquinoline and phthalazine in cyclohexane solution at 
323 K. In these solute molecules of almost identical size 
and shape, the direction of the dipole moment is varied* 
It appeared in these molecules that no significant variation 
of relaxation time was detectable within the limits of the 
accuracy of measurements. Hassell (7) studied fluoro-, 
chloro-, bromo” and iodobenzenes in p-xylene at 258 K and 
found the enthalpies of activation as 5,9, 6.7, 8.4 and 
9.2 kJ mol ^ respectively. This indicates a slight increase 
in AH„ with an increase in the size of the molecules. Both 
hi 
Hassell (7) and Cooke (8), however, found reasonable 
correlation betweien- activation enthalpy and volume swept 
out by the molecule for dilute solutions of mono-halobenzenes, 
o- and m-dihalobenzenes, nitrobenzene, p-nitrotoluene and p- 
halotoluenes in p-xylene. Other workers also attempted to 
explore the dependence of dielectric relaxation time and 
enthalpy of activation upon direction of the dipole moment 
within the solute molecule (9), moment of inertia (10) and 
viscosity of the medium (11,12,13). 
In a recent attempt to investigate the effects 
of solvent on the relaxation parameters of a molecule, a 
number of solutes has*, been measured in a variety of 
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glass forming solvents at temperatures below T , These 
O 
solvents are polystyrene, o-terphenyl, bis(m(m-phenoxy phenoxy) 
phenyl) ether (Santovac®) and cis-decalin. Extensive studies of carefully 
selected dipolar rigid molecules in theL'above s o 1 vent s par t icul arly , 
,in a po ly s tyr ene: matrix,, have been repor ted (10,13,14,15,16), 
Very broad loss curves were observed for numerous rigid 
polar solutes, where dipole reorientation necessarily in- 
volves whole molecule rotations, 
Davies and Edwards (3) studied the^spherical rigid 
dipolar mo 1ecule camphor in a polystyrene matrix in the 
temperature range 243-373 K and in the frequency range 5 Hz 
to 8,5 GHz, In this temperature and frequency region 
they found one dielectric dispersion. The Eyring plot, 
logTx versus 1/T for this dispersion was curved, having two 
slopes above and below the temperature 293 K, The higher 
temperature slope yielded AH and AS„ values of 
E E 
3,8 kJ mol ^ and 31,4 J K ^ mol respectively, whereas 
the lower temperature slope yielded the corresponding 
-1 -1 -1 
parameters as 21 kJ mol and 25 J K mol respectively. 
They also observed that the distribution parameter^, (3) 
decreased with the decrease of temperature and this decrease 
became very pronounced at the temperatures around 293■K, 
They concluded from this study that the local molecular 
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environment of camphor undergoes some changes at this 
temperature from a less rigid to a more rigid form which 
deserves further study in detail. Clemett and Davies 
(17) studied spherical rigid dipolar molecules - 
camphene, camphor and hornyl chloride in the pure solid 
state and also camphor in camphene solid solution. They 
obtained very low enthalpies of activation and entropies 
of activation for the molecular rotation of these molecules 
as : 
Camphene Camphor Bornyl chloride 
AH^ (kJ mol“^) 9.19 7.5 10.5 
ASg (J K“^ mol"^) -7.9 12.12 7.9 
They also found some evidence that the energy barrier in- 
creases with the decrease of temperature and suggested 
that this could be explained by intermolecular interaction. 
Their Eyring plot was bent which is sometimes an. indication of a 
cooperative process. To, obtain, a clearcut pic^ture of the 
molecular rotation of the above molecules we plan to study 
a number of camphane derivatives in detail in polystyrene 
matrices and some of the molecules in other media also at 
very low temperatures (77-300 K) and at low frequency 
(10 Hz - 10^ Hz), This study should enable an assessment 
of Daviespo ints that- AH^ for molecular relaxation 
increases at low temperature. The molecular interaction 
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may be assessed by varying the dispersion medium whether 
the dielectric parameters change appreciably with the 
dispersion medium. Moreover, detailed knowledge of the 
molecular relaxation parameters and the associated activa- 
tion energy barriers are essential for the assignment of 
a particular process in similar ,—^sized flexible and 
rigid molecules in different dispersion media as will 
be seen in the following chapters. It is mainly for this 
second reason that different types of polar rigid molecules 
have been studied which could also provide, at least, a 
qualitative interpretation of the activation parameters in 
terms of size, shape and volume of the dipole units. 
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EXPERIMENTAL RESULTS 
The dielectric measurements of nine spherical 
rigid dipolar molecules (listed in Figure III-l) in 
polystyrene matrices have been made in the frequency range 
of 10 Hz to lO"^ Hz by the use of a General Radio Precision 
Capacitance bridge, the procedure being described in 
Chapter II, In some of the cases other media are also 
used, viz,, G0TP,,SV, CCl^, etc. All the molecules were 
commercially available with sufficient purity and were 
dried prior to use. 
Figures Ill-la to III-9a. show the sample 
plots of dielectric loss, e” versus T,(K) for the 
dipolar molecules in the medium mentioned. Sample plots 
of e" versus logv are shown in Figures Ill-lb to III“9b 
while Figures III-lc to III--9c^ presents the Cole-Cole 
plots for these molecules in their respective dispersion 
regions. Sample plots of logTT versus 1/T for different 
molecules in the mentioned medium are also presented in 
Figures Ill-ld to III-9d. 
Table III-l lists the values of Eyring analysis 
results, along with AG^ and x values at 100 K, 
150 K and 200 K for each system. Experimental values 
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of T- logv , 3 and £" at various temperatures obtained 
for these molecules from the Fuoss-Kirkwood analysis together 
with the values of and the experimental dipole moments 
are listed in Table The following symbols are 
employed where appropriate; 
P.S. - Polystyrene matrices 
G.O.T.P. - Glassy o-Terphenyl 
SV Santovac® (bis (m(m-phenoxy-phenoxy) pheny 1) ether 
AT(K) - Temperature range in the absolute scale 
3-range - Range of variation in the Fuoss-Kirkwood distribu- 
tion parameters^ 
AG_ - Eyring free energy of activation in kJ mol ^ 
HJ 
AH - Eyring enthalpy of activation in kJ mol ^ 
ASg - Eyring entropy of activation in J K ^ mol ^ 
V - frequency in Hz 













1 . Norcamphor 
This compound has been studied in four different 
media, viz., CCl^, P.S., G.O.T.P. and SV. In all the media 
except CCl^, the 3 value ranges between 0*15-0.21 which 
is consistent with the values obtained for molecular rotation 
of different rigid molecules in various media (10,14,13,15). 
In CCl, the 3 value varies between 0.28-0.37 which seems 
a little high.for molecular rotation. The relaxation time, T 
in the four different media at 100 K increases in the 
— fi — S 
order CCl^ < P.S. < G.O.T.P. < SV (6.6x10 s, 1.3x10 s, 
-5-4 
5.4x10 s, 2.7x10 s). The free energy of activation at 
150 K also increases in the same order 12, 14, 15 and 16 
kJ mol The enthalpies of activation are 17 (in GCl^), 
15 (in P.S.), 17 (in G.O.T.P.) and 19 kJ mol"^ (in SV). 
The corresponding entropies of activation are 29 , 12, 16 
and 25 J K ^ mol respectively. Kashem (13) studied 
a good number of different molecules in P.S., G.O.T.P. and 
SV and compared the relaxation parameters in these three 
media. He found that the T, AH and AG„ for molecular 
rotation of different rigid molecules in these media 
increase in the order P.S. < G.O.T.P. < SV. He suggested 
that this difference may be due to the difference in the 
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viscosity of the dispersion medium. Our results for nor- 
camphor in the four different media follow the same order 
suggesting the lowest viscosity in CCl^. The s1ightly higher 
3 and values in GCl^ may be due to the similar size 
and shape of the dispersion medium, CCl^, As both the 
solute and dispersion media „ are of the same size and spherical, 
at the time of rotation of norcamphor, a, small range.of 
environment is encountered by it at any one temperature. 
Moreover, any kind of rotation of the solute may easily cause 
some disorder in the system. The slightly : ^ i: 
higher value of AH^ in CCl^ in comparison to P.S. is not 
beyond the error limit. 
2. Camphor 
This compound was studied previously in a polystyrene 
matrix by Davies and Edwards (3)cand in the pure solid state 
by Clemett and Davies (17). In polystyrene, the dielectric 
dispersion was found in the GHz region between the temperature 
253-373 K, They found the Eyring plot logTx versus 1/T 
bend having two slopes where the lines intersect at 293 K, 
The enthalpies of activation calculated from these slopes 
were 3.8 and 21 kJ mol The corresponding entropies of 
“1 -1 
activation were 31.4 and 25 J K mol y respectively. The 
range of their 3-value was 0.78 (at 342 K) to 0.44 (at 243 K). 
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From this change of 3“value with the temperature they 
suggested that there is some change in the local arrangement 
of the solute molecule at the lower temperatures. In 
solid state studies the activation enthalpy and entropy 
-1 -1 -1 
were found to be 7,5 kJ mol and 12.1 J K mol , respectively. 
They found that the AH^ value and the distribution of re- 
laxation time increases with the decrease of temperature. 
These were attributed to the increasing degree of ^ 
molecular interaction in the solid state as the temperature 
falls. 
Present dielectric studies of this molecule in a 
polystyrene matrix shows only one relaxation process 
in the temperature range 89-108 K. The Eyring plot logTx 
versus 1/T which is a clear straight line (Arrhenius behaviour) 
yields the activation enthalpy 18 ±1.1 kJ mol activation 
entropy 18 ±11.3 J K ^ mol activation free energy at 
100 K, 17 kJ mol ^ and the relaxation time, T at 100 K 
-4 .... 
2,2x10 s. The 3-value found for this relaxation is in the 
range 0.19-0,22 which is in good agreement with the 
literature value for molecular rotation of various molecules 
in P.S. (10,14,15). Our relaxation parameters are higher 
than those of Davies et al. This is in agreement with 
their observations that the AH„ value increases with the 
ti 
decrease of temperature. The enthalpy of activation for 
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camphor is slightly higher than that of norcamphor which is 
reasonable in terms of size. Moreover, our enthalpy of 
activation for camphor is in reasonable agreement with the 
enthalpy of activation of the almost.simi1ar-sized mo1ecu1e, 
cyclohexanone, 18.7.and 19 kJ mol ^ for its molecular 
rotation in P.S. matrices^ obtained independently by Singh 
(18) and Davies and Swain (19), respectively. 
3. Camphene 
This molecule was previously studied by Clemett 
and Davies (17) in the pure solid state in the temperature 
region 253-373 they found molecular relaxation in the GHz 
range with an enthalpy of activation 9.2 kJ mol ^ and entropy 
of activation -7.19 J K ^ mol In this molecule also, 
as in camphor, they observed the increase of and 
distribution of relaxation time with the decrease of tempera- 
ture due to the increasing degree of molecular interaction 
in the solid state as the temperature falls. 
The present dielectric study of camphene in a 
polstyrene matrix shows one relaxation process in the region 
95-109 K, The 3“value (0.18-0.22) obtained for this 
relaxation is reasonable for molecular rotation in the poly- 
styrene matrix. The Eyring activation parameters obtained 
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for this molecule are AH = 21< ±2 kJ mol AS = 40' 
£j £j 
±20 J K"^ mol”^, T = 5.8x10““^ s and AG„ = 17 kJ mol"^ at 
£j 
100 K, respectively. These parameters are much greater 
than the Davies (17) parameters which supports .their points 
of increasing moleculr interaction at the lower temperatures. 
Within experimental error, these parameters for camphene 
are comparable with the corresponding parameters for 
molecular rotation of camphor in a polystyrene matrix. This 
is reasonable in consideration of the size of the two 
mo1ecules. 
4, 5~Norbornene-2-carbonitrile 
For this molecule the dielectric relaxation in 
polystyrene matrices was observed in the temperature range 
113-138 K. The 3~value obtained for this relaxation is 0,13- 
0,18 which is reasonable for molecular motion in a P,S, matrix. 
From the Eyring plot logTx versus 1/T the activation parameters 
were found to be AH„ = 24 ' ±1,7 kJ mol AS„ = 16 ±14 
J K ^ mol AGg = 22 kJ mol ^ and T = l;9xl0 ^ s at 100 K, 
respectively. The relatively higher value of AH and the 
iL 
other parameters for this molecule in comparison to norcamphor 
(see Table III-l ) is in harmony with its sizec owing to the 
presence of bulky -CN group. The AH value for this 
sL 
molecule is comparable to the activation enthalpy 22 kJ mol ^ 
58 
obtained for molecular rotation of the almost similar-sized 
rigid molecule benzonitrile in a polystyrene matrix (15). 
Kashem (13) studied benzonitrile in a more viscous medium, 
G.O.T.P. and SV and obtained the enthalpies of activation 
for molecular rotation as 27 and 29 kJ mol respectively. 
All of these values are in reasonable agreement with our 
value for 5-norbornene-2-carbonitrile, 
5. 3-Chloro-2-norbornanone 
One dielectric dispersion is found for this 
molecule in a polystyrene matrix in the temperature range 104- 
122 K. The low 3“value 0.16-0,18 for this rotation coincides 
with the 3”values of other molecules for their molecular 
rotation in polystyrene matrices. The Eyring plot logTx 
versus 1/T yields the activation parameters as AH^ = 21 
±1.4 kJ mol“^, AS^ = 22 ±12.8 J mol”^, AG^ = 19 kJ 
-1 -3 
mol at 100 K and T = 3,2x10 s at 100 K, The AH„ and 
E 
Other parameters are slightly higher than the corresponding 
parameters for norcamphor (see Table III-l), This is 
reasonable on the grounds of its larger size owing to; its 
one chlorine atom at the adjacent carbon of the keto group. 
The activation enthalpy for this molecule.is comparable to 
the activation enthalpy 16.3 kJ mol ^ obtained for molecular 
rotation of the almost s imi 1 ar-s ized molecule^ o-dichlorobenzene 
X 'I. ' L - ’ 
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in polystyrene by Davies et al (19) within the experi- 
mental error. 
6, Camphoroquinone 
This molecule is very similar in shape and size 
to camphor except one excess keto group at the 3-position. 
The dielectric relaxation for this molecule is found in the 
temperature range 103-121 K in the polystyrene matrix. The 
Fuos s-Kirkwood analysis yields the 3--value for this relaxa- 
tion as 0.18-0.20 which represents the wide distribution 
of relaxation time like most other molecular relaxation processes. 
The Eyring analysis yields enthalpy of activation ^and 
entropy of activation as 20 ±1.6 kJ mol ^ and 7 ±15 
-1 1 . . 
J K mol . The free energy of activation and relaxation 
-1 -3 time, T at 100 K are found to be 19 kJ mol and 5.5x10 s. 
Within the limit of experimental error, all of these parameters 
are comparable to our similar sized^rigid camphor molecule 
parameters (Table III-l). A slightly higher value for 
camphoroquinone is in harmony with its slightly larger size 
owing to one oxygen a:tom more in camphoroquinone - than in 
the camphor. 
7. exo-2-Bromonorbornane 
Dielectric relaxation for this molecule in a 
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polystyrene matrix is found in the temperature range 90-109 
K with a low 3-value 0,14-0,16, The Eyring plot logTx versus 
1/T yields the enthalpy of activation and entropy of activation 
as 22 ±2,8 kJ mol ^and 47 ±27 JK^ mol ^ respectively. 
The free energy of activation ,and the relaxation time, T, 
~1 -4 
at 100 K are 17 kJ mol and 4,0x10 s, Mazid :(15) and Kashem 
(13) studied the almost similar-sized, ■ rigid molecule ebro'mo-- 
benzene in polystyrene, G,0,T,P, and SV, For molecular 
rotation of bromobenzene in these three media they found 
the free energy of activation and relaxation time at 100 K 
-1 -4 and the enthalpy of activation as 17,3 kJ mol , 5,5x10 s, 
16 kJ mol ^ (in P,S,) 20,7 kJ mol 3,3x10 ^ s, 17,4 kJ mol ^ 
(in G,0.T,P,) 20,1 kJ mol 1,6x10 ^ s, 18,2 kJ mol ^ (in 
SV), respectively. Within the limits of experimental error, 
our relaxation parameters for 2-bromo norbornane are compar- 
able to the corresponding parameters for bromobenzene in a 
polystyrene matrix. Moreover, the higher parameters for 2- 
bromo norbornane is not unreasonable in comparison to our 
norcamphor results (see Table III-l ) in terms of size as 
the bromine atom is much larger in size than the oxygen atom, 
8, 1-Fen.chone 
This compound is very similar in size and shape 
to camphor except that the two methyl groups of the bridging 
6] 
carbon are linked to the adjacent carbon of the keto group. 
This molecule has been studied in polystyrene, ' -G,0.T,P, 
and CCl^. The dispersion region in the polystyrene matrix 
is 110-126 K and in G.O.T.P, is 117-135 K. The 3”value 
obtained in both the medium is in the range 0.17-0.19. The 
enthalpy of activation in polystyrene is 23 and in G.O.T.P. 
20 kJ mo 1^ which are'almost the same within the limits of experimental 
error. The relaxation time and activation free energy at 
-2 -1 . 
100 K are 1,4x10 s and 20 kJ mol in polystyrene and 
-2 -1 . 
3.3x10 s and 21 kJ mol in G.O.T.P, These values 
are also comparable within the error limit. The slightly 
higher values of relaxation parameters for 1-fenchone 
than those of our camphor parameters (see Table III-l) may be due to 
some larger volume swept out by this molecule in its rotation 
than the camphor. Almost similar values in relaxation 
parameters in different dispersion medium support . the 
Davies points of molecular interaction in solid state (17), 
The dielectric dispersion of this molecule in 
CCl^ is found in the temperature range 128-145 K with a 
3~value Of 0,21-0,40. The dielectric loss, e" versus logV 
gives a very broad asymmetric curve with half width 4-6- 
decades of frequency (Figure III-8b"). The Cole-Cole plots 
are semi-cdrcular and the process is.not sensitives to 
the variation of temperature. . 
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The Eyring plot logTT versus 1/T gives a straight line 
(Figure III-8d"), The activation enthalpy_and entropy values obtained 
“1 -1 “1 
from this plot are 54 kJ mol and 226 J K mol . The 
free energy of activation and the relaxation time at 100 K 
“1 3 
for this dispersion are 31’ kJ mol and 6.8x10 s. The 
activation enthalpy and entropy are fairly high for the 
molecular process^but it is reasonable for the cooperative 
process. The relaxation time and AG„ values are also 
£j 
high which is usual in the case of the 'cooperative process. 
Moreover, the higher 3“value, 0.21-0.40 is not in favour 
of the molecular process which is usually within the 
range of 0.1-0.28 for a molecular; process. From all these 
considerations the relaxation of l-fenahone in CCl^ may 
be assigned as a cooperative process although the half-width 
of e" versus logv curve and logTx versus 1/T plots does 
not clearly indicate the cooperative phenomenon. The 
cooperative process at such a low temperature may be 
possible owing to the similar shapesitand sizes of both the solute 
and solvent mo 1 e_cule.s , 
9, 3-Methylene-2-norbornanone 
This molecule, similar in size to 1-fenchone, 
was stu'died in a polystyrene matrix, and t hen d ielec trie ‘ 
dispersion was found in the temperature range 110-124 K, 
.63 
The 3~value for this dispersion is low and ranges between 
0.17-0.20 as for other rigid: molecules in a polystyrene 
matrix for molecular rotation. The Eyring plot logTx 
versus 1/T yields the enthalpy of activation and entropy of 
activation as 24 kJ mol ^ and 36 J K ^ mol These 
values are comparable to our 1-fenchone values in poly- 
styrene matrix (see Table III-l). The relaxation times 
(T) and the free energy of activation at 100 K are 9.3x10 ^ s 
and 20 kJ mol These values are also in good agreement 
with our 1-fenchone values. All these relaxation parameters 
are fairly high in comparison to our norcamphor parameters. 
This is reasonable in consideration of the swept volume on relaxation 
of the molecules. As there is a methylene group at the 
adjacent carbon atom of keto group, its swept .volume should 
be higher than that of norcamphor. 
The nine spherical^rigid^polar molecules studied 
in polystyrene matrices-do not have appreciable differences 
in their size and shape. The only variation is in the polar 
group. The 3~value varies for these nine molecules between 
0,13-0,22, The enthalpy of activation varies from 15-24 
kJ mol The activation entropy ranges between 7-47 J K ^ 
mol ^ while the activation free energy and relaxation time 
at 100 K varies between 14-22 kJ mol ^ and 1.3x10 ^ - 1,9x10 ^ 
s, respectively. The variations in these relaxation parameters 
64 
are not appreciable owing to their similar size and shape. 
It is notable that in systems of similar character, there 
has been frequently a correlation between the activation 
enthalpies, AH^ and entropies, AS^ as has been found by 
many workers (1,3,6,10,13,15). In our case this correlation 
does not hold. The linear AHT^“AS„ relationship is reasonable 
for ^T^yseries of molecules when the shape is quite similar 
and the inclination of the dipole to the principal axis 
is quite similar. It is also necessary to point out that 
there is no absolute significance of the activation entropy 
determined by the Eyring expression since the pre-exponential 
factor cannot be fully justified. As Davies and Edwards 
(3) say, "the Eyring entropy terms are best regarded 
as empirical corrections (exp(AS^/R)) to a predetermined 
frequency value (kT/h) in the rate equation." Therefore, 
the breakdown of a single linear AH„-AS„ relationship would 
hi hj 
not be surprising for a wide variety of dipolar molecules. 
The low values of distribution parameters *3* for all the 
rigid dipole molecular motion in polystyrene matrices agree 
well with the observations by Davies and Edwards (3), 
Davies and Swain (19), Khwaja (10), Mazid (15) and Kashem 
(13) for a series of rigid molecules in polystyrene, G.O.T.P. 
and SV. The enthalpy of activation also increases with the 
size of the molecule. The results of these nine camphane 
65 
derivatives support the Davies’ points (17) that the activa- 
tion enthalpy increases with the decrease of temperature. 
Our activation enthalpies are much higher than those 
of Davies et al (3,17) but may be accounted for by the 
study being at much lower temperatures (and lower frequencies) 
when the matrix has contracted and the molecular interaction 
between the solute and the dispersion medium is greater. 
The similar relaxation parameters in different dispersion 
medium also support their points of increasing degree 
of molecular interaction as the temperature falls. 
In one point we differ from them in that they observed an Eyring 
plot of non-Arrhenius behaviour having two clearly 
distinct slopes but in our case only one straight line was 
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TABLE III-2: FuosS“Kirkwood Analysis Parameters, and Effective 
Dipole Moments (y) for some Spherical Rigid Molecules 
in Organic Glasses 
T(K) 10°T (S) log V 
max lO^e 


















































































































































































TABLE III-2: continued... 
T(K) lO'^T (S) log V 
max lO^e max 




















































































































































































TABLE III-2: continued,,. 
T(K) 10°T(s) log’s 6 
^ max lO^e max 
















































































































































































































TABLE III-2: continued... 
T(K) 10''T(S) log V 
max 
lO^e max 
































































































































































10'’T(S) log V 3 lO^e" max max 
3-Methylene-2-Norbornanone in a Polystyrene Matrix 
y(D) 
1156 2.14 0.17 
671 2.38 0.17 
597 2.43 0.18 
343 2.67 0.18 
224 2.85 0.18 
125 3.10 0.19 
81.7 3.29 0.18 
47.8 3.52 0.20 
59.6 2.73 1.09 
60.7 2.73 1.12 
61.2 2.74 1.09 
62.6 2.73 1.12 
63.8 2.73 1.14 
64.7 2.74 1.13 
65.5 2.71 1.18 
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Ill-ld*: Eyring plot of logTx versus 1/T (K 
for norcamphor in G.O.T.P, 
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Eyring plot of logTx versus 1/T 
for norcamphor in Santovac® 
) FIGURE Ill-ld": 
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FIGURE Ill-ld**': Eyring plot of loglT versus 1/X 








FIGURE III-2d and 
Eyring of logTx versus 
camphor and ((B^) ‘camphene in 
'j 





(FIQURE ill-4d: Eyringc^l.o0 of logTi versus 1/T (K for 
5-norbornene-2-carbonitri1e in a polystyrene 
matrix 
no 
FIGURE III-5d and FIGURE III-6d; 
Eyring ;pro^ of logTx versus 1/T (K 
for (0) camphoroquinone and C^) 3-chloro- 










lot of logTx versus l/T (K ) 
2 - b r o m o n o r b o r nane3iU£2£ElEE^^^^^' 
FIGURE III-7d: 
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Eyring plot of logTx versus 1/T (K 









FIGURE III-8d ’ : Eyring plot of logTx versus 1/T (K 
for 1-fenchone in G.O.T.P. 
114 
Eyring plot of logTx versus 1/T (K for 
1-fenchone in • carbontetrachloride 
FIGURE III-8d": 
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FIGURE III-9d: Eyring plot of loglT versus 1/T 
3-ipethy lene-2-norbornanone in a polystyrene 
matrix 
CHAPTER IV 
DIELECTRIC RELAXATION OF SOME 







Because of the possibility of medium strength 
hydrogen bonding between adjacent molecules, alcohols 
present a complex and interesting problem in dielectric 
studies which has been extensively studied by a variety 
of methods. The first considerable dielectric investi- 
gation of alcohols was carried out by Mizushima (1) and 
discussed by Debye (2), Subsequent high frequency measure- 
ments indicated two or more absorption regions (3r7), 
By using low temperatures, Cole and his co-workers (8-11) 
were able to bring the dispersion of a few alcohols into 
the region of audio and radiofrequencies. With the almost 
continuous coverage of the spectrum they were able to 
distinguish three separate dispersion regions, all of 
the Debye-type. 
The long chain alcohols, both primary and 
secondary, show pronounced absorptions in the solid phase, 
usually below 1 MHz (12-19). The crystalline alcohol shows 
a larger permittivity than the liquid at the freezing point, 
which suggests that the chain-association of hydroxyl groups 
already present in the liquid is further extended by align- 
ment in the solid. Sack (20) proposed that the strong 
dipolar absorption is the result of a reversal of such a 
.118 
giant dipole by rotation of the individual hydroxyl groups 
about the C-0 bonds, accompanied by the breaking and re- 
forming of the hydrogen bonds, and without appreciable 
movement of the rest of the molecules: / 
H- H- -0 
Meakins (21) studied the dependence of the 
absorption upon the length of the •••0 !!••• chain and 
found that the absorption is in its major aspects independent 
of the length of the individual alcohol molecules, but there 
is a marked difference between the primary and secondary 
alcohols having the activation energies 6,28 and 25 
kJ mol ^ respectively. This may well result from the head 
to head layer lattice of the primary alcohols (22), which 
provides the hydroxyl groups with additional bonding sites 
( i , e, (a) and (b ) ) 
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In the secondary alcohols only the one sequence (a) of 
hydroxyl group interaction is present. 
Daniel (23,24) proposed that the dielectric properties of the 
long-chain secondary alcohols were due to the presence of 
chains of hydrogen bonds in conjunction with some kind of 
structural flaws. 
Now it is reasonably well established that the 
dielectric dispersion of primary aliphatic alcohols in 
the pure liquid form, over a wide temperature range, may 
be characterized by three relaxation regions with the low- 
frequency process dominating (8,10,11,25-28). The high 
frequency processes {T2 & T3) which provide relatively small 
contributions in the pure liquids become increasingly 
important, or alternatively the contribution from the low- 
frequency process (xi) decreases, on dilution with an inert 
non-polar solvent (29-31). For alcohols with a sterically 
hindered -OH group the low-frequency process is either 
very small or completely absent in the pure liquid (32-34), 
and in an inert solvent the absorption may be represented 
by the T2 and T3 processes only (31,35). 
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The highest frequency process (T3) is only 
slightly dependent on molecular size and alcohol concentra- 
tion (25,31) and is of the same magnitude as that found for 
-OH group rotation in phenols (36,37). The fact that this 
process largely dominates the absorption of alcohols at 
very low concentrations suggests that the dipole orientation 
of alcohol monomers occurs primarily by -OH group rotation 
about the C-0 bond in monomers rather than by whole molecule 
rotation, 
The intermediate relaxation time, T2, has been 
accounted for by monomer or OR group rotation (10,25). 
Dannhauser (32) examined eight liquid isomeric 
octanols in a wide temperature range from -90° to 130°C 
and proposed a model based on hydrogen-bond associative , 
equilibrium involving both ring dimers 
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chain muhtimers Crossltey e't al (31) considered that: for 
dilute solutions of alcohols with a sterically hindered 
-OH group, T2 is due only to the monomer rotation. In 
view of the increasing T2 and its relative contribution 
C2 with increased alcohol concentration they suggested that 
these quantities are no longer descriptive of monomeric 
molecules alone but are weighted averages of the values for 
the monomer and one or more polymers. 
The Debye-like (25) long relaxation process (xi) 
is undoubtedly due to a mechanism which is sensitive to the 
steric environment of the hydroxyl group since it is not 
evident for the more hindered octanol (31,34), The molecular 
size dependence of Xi and its magnitude (25) suggest that 
rotation of associated molecular units might be responsible. 
However, if association is into linear chains the great 
distribution of sizes for such species would give rise to 
a distribution of relaxation times conflicting with the 
Debye-like nature of this dispersion (38), For many years, 
the dielectric relaxation of alcohols has been interpreted 
in terms of hydrogen-bond rupture foilowed by rotation of 
monomers, where the former is the rate determining step, 
the required energy being interpreted as the activation 
enthalpy for dielectric relaxation (27,33,39), An objection 
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to this theory has been put forward by Sagal (40) who 
found the relaxation frequency to be influenced by 
dilution of the alcohol with an apolar solvent. Another 
difficulty offered by this theory is that it cannot explain 
that the activation enthalpies of the various monoalcohols 
differ greatly,as has been pointed out by Middelhoek 
(41,42) who determined activation enthalpies varying between 
33 and 65 kJ mol ^ for the straight-chain isomeric heptanols. 
In a study of 6-, 4- and 2-methyl-l-heptanol, 
Dannhauser and Flueckinger (43) proposed that in dielectric 
relaxation hydrogen-bond rupture is a prerequisite rather 
than a rate determining step, A particular hydrogen-bond 
will break and reform many times without the reorientation 
of either the donor or acceptor molecule. Because the 
local liquid alcohol structure remains, on average, chain 
associative, the dipolar reorientation is necessarily co- 
operative and occurs relatively seldom. When it does occur^ 
the rate of reorientation depends upon the size and shape 
of the entire molecule insofar as this determines the 
interaction of a specific molecule with its surroundings 
and also because the structure of the molecule determines 
the nature of the surroundings. The more highly branched 
the alkyl group and the more sterically hindered the -OH 
group, the greater the required degree of co-operation. 
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A highly polar cyclic tetramer (44) has satis- 
factorily accounted for the dependence of Ti upon molecular 
size, the absence of any distribution of relaxation times, 
the larger polarization (32), and if steric effects prevent 
the association of monomers into multimer other than 
dimers, the absence of low-frequency process (31,32) and 
the small polarization for the hindered octanols (32), 
Maleki (45) proposed another model of association 
.into a mixture of dimersj trimers, tetramers and 
pentamers and concluded that trimers are cyclic while 
tetramers and pentamers are open-bonded units. 
In contrast to the multiple relaxation processes 
of primary aliphatic alcohols in dilute benzene (46) and 
n-heptane (31) solutions, the dielectric absorption of the 
same alcohols in p-dioxane solution shows a symmetrical 
distribution of relaxation times with a short mean relaxation 
time attributable to strong solute-solvent complex 
formation (46), Crossley (47) examined the dielectric 
relaxation of some isomeric butanols and 1-decanol in p- 
xylene, cyclohexane and mesitylene solutions at 25°C' over 
the range 1-35 GHz. The data for the concentrated solutions 
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separated into two dispersion regions and were 
analyzed in terms of two relaxation times, both of which 
are sensitive to the nature of the solvent and solute and 
their concentration. The author attributed the relaxation 
times to molecular and -OH group relaxation processes, and 
found that their magnitudes and weight factors are 
dependent upon the relative importance of solute-solute 
and solute-solvent interactions. 
Thus it is clear that the alcohols have been 
most extensively studied^ but still there are some cconfl:;i:ct's 
regarding the molecular model capable of satisfactorily 
explaining the experimental results. In Dannhauser’s words, 
"Unfortunately, after forty years of study, a detailed 
molecular model for dielectric relaxation in alcohols is 
still not available". 
In recent years, the dielectric absorption studies 
of polar solutes dispersed in a -polystyrene; matrix have 
received considerable attention in the literature. This 
method has proved its success for the accurate determina- 
tion of intramolecular energy barriers and separation of 
molecular and intramolecular processes relate to the different 
influence the high viscosity dispersion medium has on the 
two types of processes. The aim of our present investigation 
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is to gain insight into the types of relaxation processes 
which can take place in alcohols by using thisipolystyrene 
matrix technique. The interpretations of previous 
investigators have been based largely on arguments from 
relaxation times and distribution parameter values which 
sometimes may be quite deceptive as can be Bud(^ analyses. 
Our present intent was to separate completely the 
absorption peaks of some or any of the relaxation processes 
and to characterize the absorption processes with the 
appropriate relaxation parameters. The use of the poly- 
styrene matrix technique has already proved its success 
for the separation of molecular and intramolecular processes 
for a series of long chain aldehydes (48) and 1-bromo- 
alkanes (49). 
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IV-2: EXPERIMENTAL RESULTS 
The dielectric measurements of fourteen iong- 
chain aliphatic normal alcohols of the general formula 
CH^(CH2)^CH20H, where n = 3,4,5,6,7,8,10,11,12,13,14,16,17 
and 18 have been made in polystyrene matrices in the 
frequency range of 10 Hz to 10^ Hz by the use of a General 
Radio Precision Capacitance bridge, the procedure being 
described in Chapter II. The operational temperatures were 
from about 77 to 360 K and were controlled to within ±0,1 K, 
All the molecules studied were commercially available 
with sufficient purity and were properly dried prior to use. 
Figures IV-la and IV-2a show the sample plots of 
dielectric loss, e" versus T(K) for the dipolar molecules. 
Sample plots of e" versus logV are shown in Figures IV-3b 
to IV-17b while Fig>ures TV-18c to lV-23c present the Cole-Cole 
sample plots for those molecules in their respective dispersion 
region. Sample plots of logTl versus 1/T for different 
molecules are also presented in Figures IV-24d to IV-29d. 
FigureIV-30-represents the plots of relaxation 
times, T, versus the number of carbon atoms (n) in the 
chain for lower temperature ab sor^ptions , * Plots 
of AH„ versus AS„ and AH„ versus n are presented in Figures 
IV-31, IV-3.2 and IV-33 for both the lower, and higher 
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temperature dispersion. The activation free energy, AG^ 
at 200 K as a function of carbon atoms (n) in the chain for 
higher temperature absorption is also shown in Figure IV-34. 
Table IV-1 lists the values of the Eyring analysis 
results, AHg, AS^, along with AG^ and T values at 100 K, 
150 K and 200 K for each system. Experimental values of T, 
logv , 3, and e" at various temperatures obtained for 
nid.x II13.X 
these molecules from the Fuoss-Kirkwood analysis together 
with the values of and the experimental dipole moments 
(]i) are listed in Table IV-2. Table IV-3 presents the 
extrapolated dipole moments to 330 K for segmental (|i ) 
and molecular motion together with the total effective 
dipole moment those of the literature value 
for the molecules listed in Table IV-2. The following 
symbols are employed where appropriate; 
P.S. Polystyrene 
AT(K) Temperature range in the absolute scale 
3 Range of variation in the Fuoss-Kirkwood 
distribution parameters 
-1 
AG_ Eyring free energy of activation in kJ mol 
hi 
AH Eyring enthalpy of activation in kJ mol ^ 
£j 
AS_ Eyring entropy of activation in J K ^ mol ^ 
hi 
Frequency in Hz 







Dipole moment in Debye (D) 
Effective dipole moment in Debye (D) 
Effective dipole moment for segmental motion 
Effective dipole moment for molecular motion 
Dipole moment obtained from the extrapolation of 
the experimental U and y to the temperature 330 K 
in Debye (D) ^ 
Dipole moment for the molecule obtained from 
(y/ + at 330 K s m 
Literature value of the dipole moment for the 
molecule in Debye (D) 
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IV-3: DISCUSSION 
When the.die1ectric loss factor, e" was plotted 
against the temperature at a fixed frequency, all the 
aliphatic primary alcohols of the general formula CH2(CH2)^ 
CH2OH where n ~ 3,4,5,6,7,8,10,11,12,13,14,16,17,18 
exhibited two distinct absorption maxima (except n = 3&4) 
in polystyrene matrices (Figure IV-la) * The 
lower temperature peak occurs somewhere in the temperature 
region 84--142 K and the higher temperatures are between 
181-283 K, The temperature at which the maximum dielectric 
absorption occurs at a fixed frequency for each dispersion 
increases within the range as the number of carbon atoms (n) 
in the chain increases. In the case of n = 3 and 4 only 
lower temperature absorption peaks were detected. 
Lower Temperature Dielectric Absorption 
The half-width, AT^ (which measures the breadth 
of the loss-peak at half of the loss maximum in the e" 
versus T plot at a fixed frequency) for lower temperature 
absorption peaks is approximately the same and lies in the 
range 56-60 K whereas the AT^ for the higher temperature 
2 
absorption peaks increases slightly and lies in' the range 
98-130 K. The relatively narrow half-width for the lower- 
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temperature absorption compared with that of higher tempera- 
ture absorption peaks suggests an intramolecular process 
for the former. Table IV-2 gives the Fuoss-Kirkwood 
distribution parameter, 3, which does not change signifi- 
cantly when n varies from 3 to 18 and lies between 0,15-0.28^ 
and in most of the cases the values are above 0.2. Such an 
appreciable value as 0.28 in the lower temperature region 
suggests the intramolecular nature of the lower temperature 
absorption. Comparison may be made of the 3”values for 
CH^(CH2)^CH20H with those for intramolecular relaxation in 
molecules containing similar types of bonds for example-^ 
the 3“values for intramolecular relaxation in long-chain 
aldehyde (CH^(CH2)^CHO) (48) and 1-bromo-alkanes (CH2(CH2)^ 
CH2Br) (49) where 3 lies in the range 0.22-0.36 at 85-140 K 
and 0.18-0.35 at 90-150 respectively. In these cases the 
lower temperature absorption was interpreted as segmental 
rotation involving relaxation of the main polar group. There 
is considerable similarity between the behaviour of the long- 
chain normal alcohols and corresponding 1-bromoalkanes and 
aldehydes. The intramolecular nature of the lower tempera- 
ture absorption is also borne out by the similar 3”values 
(0.23-0.34) for intramolecular relaxation of some symmetrically 
substituted diaryl ether compounds in the temperature range 
83-141 K (50) 
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The smallest molecule we studied is n = 3 
(n-pentanol), The higher temperature 
absorption has not been detected for n = 3 and n = 4 
compounds (n-pentanol and n-hexanol). Therefore, the 
lower temperature absorption for these two molecules are 
either intramolecular or an overlap of the molecular 
and intramolecular processes. The dielectric parameters 
obtained for these two molecules are AH = 16 & 17 kJ mol , 
£j 
AS„ = -1 & 3J K ^ mol AG„ = 16 kJ mol ^ at 100 K and 
EJ Ei 
-4 -4 
T = 1,3x10 s and 1.8x10 s at 100 K respectively. These 
parameters are in excellent agreement with the corresponding 
values for 1-bromo-hexane in polystyrene matrices (49) for 
the segmental rotation involving -CH^Br group5(AHg = 
19,5 kJ mol AS„ = 24 J K ^ mol AG„ = 17 kJ mol ^ and 
£j JC* 
T = 7xl0“^ s at -100 K) 
Figures IV-32 and IV-30 show that the enthalpy 
of activation, AH^ , and relaxation time, increases 
as the number of carbon atoms, n, in the chain increasesy 
exactly-in. the same^way as in 1-bromo-alkanes (49), This 
clearly indicates that the intramolecular process involves 
increasing segmental motion as n increases. Since an alkyl 
segmental relaxation on its own could not account for the 
substantial absorption, then the segmental motion must be 
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detected through corresponding movement of the terminal 
CH^OH group. 
A linear relationship between and AH^ appear 
when ASg plotted against AH^, for the lower temperature process 
in alcohols (Figure IV^31). For the intramolecular .process 
there appears to be no one specific relationship between 
ASj, and AH^. However, for a particular type of intramolecular 
process, a linear correlation may exist between AS„ and AH„, 
i!i bj 
For example, Davies et al (51) established the relationship, 
ASg (J K ^ mol = 4.2 AH^, (kJ mol -173 for the butterfly 
flapping-type of intramolecular motion in thianthrene-type 
structures^ and Desando et al (50) found the relationship 
AS„ = 4.1 AH„ -110 for the intramolecular relaxation of 
£j tj 
symmetrically substituted diaryl ethers and sulfides in a 
polystyrene matrix. For the intramolecular motion (segmental 
rotation involving CH2Br) in 1-bromo alkanes in a P.S. matrix 
Ahmed (49) obtained the relation: 
ASj, = 4.1 AHg - 70 
These relationships" are strongly contrasted with one found 
by’ KhwajV and Wa^lkea: (52)’ for rigid molecules in a polystyrene 
matrix which is: 
AS 
E E 
2.2 AH 72 
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Within 




experimental error there is a reasonable 
j >. values for intramolecular rotation of 
sd) 
alcohols to the relation obtained for 1- 
). 
In this way the lower temperature process for 
alcohols in polystyrene matrices are similar in all 
respects with the lower temperature process of 1-bromo- 
alkanes in polystyrene matrices. After a thorough investi- 
gation of 1-bromo-aIkanes in various dispersion media such 
as, G.O.T.P., polystyrene, polyp.ropy 1-ene., etc.-,. Ahmed .(49) 
concluded that the lower temperature process is the intra- 
molecular one having segmental rotation involving movement of CH^Br. 
As the dielectric relaxation parameters for long chain 
primary alcohols are in good agreement with those for 1- 
bromo-alkanes, -the lower temperature dispersion for alcohols^may. be at- 
tributed'to the segmental rotation involving CH^OH movement in-.-line with the 
1-bromo-alkanes ('49) where the rotation occurs about C-C bonds in the chain. 
As there is no significant difference,between 
the energy barriers of associating molecules, alcohols and 
the corresponding non-associating molecules^ bromoaIkanes, 
in polystyrene matrices, there is no need to invoke inter- 
molecular or intramolecular hydrogen-bonding in the aliphatic 
long chain primary alcohols in polystyrene matrices. The 
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enthalpies of activation for lower temperature absorption 
in R-CH^Br and R-CH^OH (AH Q^(pg)) polystyrene 
matrices and that for hydrogen bond breaking followed by 
some kind of rotation in liquid alcohol R -OH ^^^0H(1)^ 
(1st dispersion) obtained by Garg and Smyth (25) are listed 
below (kJ mol ^): 


































11.9 niol ^ 
The average difference in the enthalpies of activation for 
liquid alcohols and the.alcohols in polystyrene matrices is 
about 13 kJ mol The average difference in AH for liquid 
CJ 
alcohols and the corresponding 1-bromo-alkanes in polystyrene 
is about 12 kJ mol That is in both the cases the 
average difference is the same within experimental error. 
As there is no hydrogen bonding in alchols in polystyrene 
135 
matrices, this difference may be taken as a measure of 
the hydrogen bond strength in liquid alcohols (13 kJ mol ^). 
This H-bond strength in alcohol is not unreasonable because 
Davidson (53) found activation energy for hydrogen bond 
breaking in pure methanol as 12 kJ mol On the basis 
of this model the lower-frequency relaxat ion observed in liquid 
alcohols by Garg and Smyth (25) may be attributed to the 
breaking of one hydrogen bond followed by segmental rota- 
tion of the R**OH molecule as a whole. 
Higher Temperature Absorption 
All the alcohols except n = 3 and 4 display a 
second absorption in the temperature range 183-283 K in 
polystyrene matrices. In n-pentanol; and n-hexanol the 
•higher temperature processes are dominated by the lower 
temperature intramolecular processes. As the e" 
max 
of the latter processes are higher than the former in all 
cases, this is not unreasonable. 
A survey of the Fuoss-Kirkwood distribution 
parameters showslow values lying in the range 0.13-0.24, 
and in most of the cases it is below 0,20 whi^Dh • tes t if ies 
to the wide spectrum of the relaxation times. Rigid 
molecules^ for example^ para-halotoluenes and para-halobipheny 1 s , 
136 
absorb with similar 3 values (0.17-0.24) (52) in the 
similar temperature range 160-330 K. The 3“value ranges 
between 0.13-0.22 for the molecular rotation in 1-bromo- 
alkanes (49) in the temperature range 165-300 K. These 
low 3“values for alcohols which are reflected on the broad 
loss curves having half width 98-128 K would be appropriate 
for whole molecule rotation. 
The ratio of the e" of the lower temperature max 
to higher temperature absorption peaks for all the alcohols 
increases with the number of carbon atoms in the chain. 
For n = 5 to 14, the ratio increases from 1,5 to 5.1. This 
means that as the chain length increases, the intensity 
of the higher temperature absorption peak decreases and the 
uncertainty in the relaxation parameters obtained for these 
dispersionsincreases. Moreover, the loss difference between 
frequency to frequency is very low for the higher temperature 
process^ especially^ in the cases where n is high. This 
makes an error in the estimation of V which in turn makes max 
an error in the relaxation parameters. We tried to increase 
the loss factor by increasing the solute concentration but 
failed owing to the low solubility of higher molecular weight 
alcohols in polystyrene. However, up to n = 12 we 
could determine the parameters with sufficient-reliability 
and above n = 14, we could not study the higher temperature 
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process at all. 
Within experimental error, the enthalpy of 
activation, AH , the free energy of activation, AG„-> at 
hi 
200 K and the relaxation time, x^^at 300 K for a higher 
temperature process increase linearly with the increase 
of carbon atoms (n) in the alcohol chain (Figure IV- 34). 
These indicate that the size of the reorientating unit 
also increases with the number of carbon atoms in the chain. 
The data for the higher temperature absorption 
processes follow the relationship: 
AS^ = 2.1 AH„ - 44 
hi £j 
within experimental error. This is virtually identical to 
the one Khwaja and Walker (52) found for molecular relaxation 
of rigid molecules and Ahmed (49) for various 1-bromo-alkanes 
in a polystyrene matrix. For molecular rotation there may be 
considerable disturbances in the surrounding of the dipole, 
and thus there is greater disorder in the system and this 
is reflected in the large positive AS„ values for the higher 
hi 
temperature process. 
Thus^ it seems reasonable to assume that the higher 
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temperature absorption may be attributed to molecular re- 
orientation. This is borne out by the fact that the relaxa- 
tion parameters- for long-chain aliphatic normal alcohols 
follow the same order and behaviour of corresponding 1-bromo- 
alkanes parameters for its molecular rotation (49). The 
higher ,temperature absorption cannot be attributed to the 
co-operative motion of the solute and solvent since the glass 
transition temperature, for example, of 1-pentadecanol 
(n = 13) in polystyrene was found to be '^337 K which is 
considerably higher than the higher temperature absorption 
region of the 1-pentadecanol (240-283 K). 
Since our results appear to be accounted for by an 
intramolecular (segmental) process and a molecular one, we 
adopt the model that the dipole moment is composed of two 
components (molecular) and \i^ (segmental) which govern 
the effective dipole moment, where: 
y ef f 
2 2 1 
= ^ m s 
Now in line with the procedure adopted by Davies and Swain (51) 
for flexible molecules^ the may be taken to be the extrapo- 
lated value of the dipole moment at 330 K for the lower 
temperature process and y^ the extrapolated value of the 
dipole moment at 330 K for the higher temperature absorption. 
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Therefore, the estimated value of the total dipole moment 
2 2 A 
for octanol-1 in polystyrene at 330 K is [(1.71) + (0.65) ] 
= 1*82 D which is in good agreement with the literature value 
1.80 at 293 K (54). Estimates of y for the other molecules err 
are given in Table IV-3. On the whole, the agreement is 
adequate to support the model strongly. 
In addition to alcohols, we studied seven other 
potentially intermolecular hydrogen bonding molecules belong- 
ing to the series long-chain aliphatic normal thiols and haying 
the general formula CH^(CH2)^0H2SH where n = 6,7,8,9.10,11 and 12. 
All of these thiols exhibited two distinct absorption maxima 
in polystyrene matrices (Figure IV-2a ). The lower temperature 
peaks occur somewhere in the temperature region 95-136 K and 
the higher temperatures are between 199-266 K. Like alcohols, 
and l-bromo;alkanes (49), the temperature at which the maximum 
dielectric absorption occurs at a fixed frequency for each 
o 
dispersion increases within the range as the number of carbon 
atoms (n) in the chain increases. 
The half-width ATj^ for the lower temperature 
2 
absorption peaks are approximately the same and lie in the 
range 42-48 K (for alcohol 56-60 K) whereas the AT^ for 
2 
the higher temperature.absorption peaks increases slightly 
and lies in the range 129-156 K (f or alcohol 98-130 K). The 
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Fuoss-Kirkwood distribution parameter, 3 for lower-temperature 
absorption does not change significantly when n varies from 
6 to 14 and lies bewteen 0.25-0,35. The corresponding 3“ 
values for higher temperature.absorption lie in the range 
0.13-0.20 (for alcohols, 0.13-0.24). 
The enthalpies of activation and the relaxation 
time for both the lower and higher temperature dispersion 
increases as the number of carbon atoms (n) in the chain 
increases. As with the alcohols, the and values for 
intramolecular rotation of long-chain thiols follow the same 
linear relation obtained for 1-bromoalkanes (49). Thus, in 
polystyrene matrices both the long-chain aliphatic normal 
alcohols and thiols are similar in behaviour and follow 
the same route as 1-bromo-alkanes. 
Now there is a number of articles in the 
literature suggesting that thiols do not form hydrogen 
bonds (55). The relative weakness of the -SH as a proton 
donar accounts for the absence of hydrogen bonds in them. 
The enthalpies of activation for lower temperature dispersion 
of thiols are almost similar or slightly higher than those 
of the corresponding alcohols (Figure IV-32). If there is 
hydrogen bonding, these values for alcohols should be higher 
than those of the corresponding thiols where there is no 
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or very weak, hydrogen bonding. All this ^.evidence clearly 
indicates that in polystyrene matrices alcohols do not form a 
hydrogen bond or* if one f orms , ’ i t^'may not^ be'^detec table 
by our dielectric measurements at the normal concentration range. 
Our experimental data settles directly that: 
(1) there are at least two relaxation processes in long-chain 
aliphatic normal alcohols and thiols; 
(2) the enthalpy of activation and the relaxation times 
of each of these processes lengthens with the number of carbon 
atoms in the chain in line with the 1-bromo-alkanes; 
(3) no inter- or intramolecular hydrogen bonding occurs in 
these alcohols or thiols in the polystyrene matrices. 
(4) the strength of hydrogen bond in liquid long-chain alcohols 
is about 13 kJ mol 
(5) the low frequency dispersion in liquid alcohols obtained 
by Garg & Smyth can be attributed to the breaking of one 
hydrogen bond followed by segmental rotation involving the CH^OH 
group. 
(6) for the higher temperature process, AH„ and AS„ are 
Joi hi 
linearly related by the same equation which is obeyed for 
rigid molecules in a polystyrene matrix. 
Our dipole moments^ calculated on the basis of the 
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model of two relaxation processes are in reasonable agree- 
ment with the literature values from more direct methods. 
Thus, y may be identified.with molecular rotation while 
involves rotation of the segments which lead to movement 
of the main group moment (-CH20I^ -CH^SH). This is,composed 
of several relaxation motions involving different chain 
lengths, although it is, of course, always the y^ component 
which governs the lower temperature absorption. This 
refined model then accounts for the lengthening of relaxa- 
tion times with increased chain length for the lower frequency 
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TABLE IV-2: Fuoss-Kirkwood Analysis Parameters, and 
Effective Dipole Moments (y) for some Aliphatic 
Normal Alcohols and Thiois [CH^ (CH^)^CH^XH X=0 orS] 
in Polystyrene Matrices ^ 
T(K) 10''T(S) 










































































































































































































































TABLE IV-2: continued,,. (page 2 of Table IV-2) 
T(K) lO'^T(s) logv 
max lO^e max y (D) 




























































































































































































































TABLE IV-2: continued,., (page 3 of Table IV-2) 
T(K) 10°T(S) logv) 3 lO^e" 
max max 





































































































































































































































TABLE IV-2; c ontinued,,, (page 4 of Table IV-2) 
T(K) 
0.32 M 



















































































































































0.38 M Tetradecanol-1 Higher Temperature Process 











































































TABLE IV-2: continued,,. (page 5 of Table IV-2) 
T(K) lO^T(s) log\3 

















































































































































































































TABLE IV-2; continued,,* (page 6 of Table IV-2) 
T(K) 10°T(s) logxj 
0,18 M Octadecanol-1 













































































































































































TABLE IV-2: continued,.. (page 7 of Table IV-2) 
T(K) 10°T(s) log;V 3 lO^e" max max 


















































































































































































































10°T(S) logv 3 lO^e" max max 






















































































































































TABLE IV-2: continued••• (page 9 of Table IV-2) 
T(K) IO'^TCS) logv 
max lO^e max 00 

















































0.21 M Undecanethiol-1 Higher Temperature Process 
229.8 


















































































































TABLE IV-2: continued... (page 10 of Table IV-2) 



























































































































































































Extrapolated dipole moments for alcohols-to 330 K for segmental 
rotation (]i ) and molecular rotation (y ); effective dipole'- ^ 
m 
moments ^.nd the literature value of the dipole moments 
(hlit) in Debye (D). 
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FIGURE IV-24d: Eyring plots of logTx versus 1/T (K for some 
long-chain normal alcohols (lower temperature 
process) in a polystyrene matrix. A=Pentanol-l, 







FIGURE IV-25d: Eyring plots of loglT versus 1/T (K for some long-chain 
normal alcohols (lower temperature process) in a polystyrene 
matrix, A=Dodecanol-l; B=tetradecanol-l, C=Eicosanol-l. 
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10®/T 
FIGURE IV-26d: Eyring plots of logTl versus 1/T (K for some long- 
chain normal alcohols (higher temperature process) in 




FIGURE IV-27d: Eyring plots of logTx versus 1/T (K for some 
long-chain normal alcohols (higher temperature 
process) in a polystyrene matrix. A=Tridecanol-l, 
B=Tetradecanol-l and C=Hexadecanol-l. 
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FIGURE IV-28d: Eyring plots of logTT versus 1/T (K for some 
long-chain normal thiols (lower temperature process). 
in a polystyrene matrix. A=0ctanethiol-1, B= 










































































































































































































































FIGURE IV-31: Plot of ent^^o^y23.of activation, AS^ (J K mol ) versus enthalpy of 
activation? AH (kJ mol for the lower temperature absorption 
processes for long-chain normal alcohols (^!) ^.nd thiols O 
in a polystyrene matrix. The vertical and horizontal bars represent 
95 % confidence intervals. Numbers beside points indicate the value 
of n in the general formulae, CH^(CH ) CH X. 





















































































































































































































temperature absorption processes for long-chain normal alcohols 
in a polystyrene matrix. ,Numbers beside points represent the values 
of n in the general formulae, CHg(CH2)nCH2OH, The vertical and 
horizontal bars represent 95 % confidence intervals in the 
factors. 
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FIGURE IV-34: Plot of free energy of activation, AG (kJ mol at 200 K 
bj 
versus n (number of carbon atoms in the general formulae,C 
CH3(CH2)^CH2X) for the higher temperature absorption processes 
for some long-chain normal alcohol (^) and thiols (O) ^ 
polystyrene matrix. 
CHAPTER V 
DIELECTRIC RELAXATIONS OF 
SPHERICAL, RIGID MOLECULE, 
FAIRLY POLAR, 
1,1,1-TRICHLORO- 
ETHANE IN CARBONTETRACHLORIDE 
195 
V-1: INTRODUCTION 
Substances in the glassy state retain some degree 
of molecular rotational freedom which can be detected by 
dielectric or mechanical, or n.m.r. studies (1). The 
presence of such rotational freedom giving rise to the 
dielectric relaxation has sometimes been associated with 
the motion .of a side group in the case of organic.-high' 
polymers. Certain rigidj(nearly) spherical,polar molecules 
show rotational freedom in the solid phase on freezing^and 
rotational freedom is stopped at a temperature below 
the freezing point (2-4). However, most of the simple 
rigid molecules do not have the rotational freedom in the 
solid phase, Johari and Goldstein (5) have studied the 
solid phases of a large number of solutions of simple 
rigid^polar molecules in the rigid^non-po1ar molecule cis- 
decalin which is capable of forming a glassy phase. They 
have observed dielectric relaxation at low temperatures in 
the solid phase at just above and below the glass transition 
temperature, T^, and termed the relaxation above T^,^as a- 
relaxation and that below T as the 3-relaxations, Several 
g 
studies have been made to understand the mechanism of a- and 3-relaxations 
in the. cis-decalin and some other glass forming solvents (6-8). It is 
how well established (8) that:. 
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(i) a-relaxation usually occurs just above T but 
§ 
3-relaxation occurs below T (e.g, 0.6-0.8 T for 1 kHz) 
g g 
and is one to two order(s) of magnitude lower than the a- 
relaxation. 
(ii) the £*' versus logV curve at a fixed temperature 
for both the processes are asymmetric with a half width of 
2-3 decades of frequency for an a-process and 4-6 decades 
of frequency for 3-relaxations, 
(iii) for a-relaxation, the frequency of maximum loss 
V j is strongly dependent upon temperature, 
m 3. X 
(iv) the intensity of the loss peak decreases on an- 
nealing but the location of the peak remains the same,- ae also 
the broad distribution of relaxation times which increases 
with the decrease of temperature for 3-relaxation. 
(v) non-Arrhenius behaviour of Eyring plot with a 
high apparent activation enthalpy (e.g, 80-400 kJ mol 
for Oi-relaxat ion but for 3*^relaxat ion the linear Eyring 
plot with low apparent activation enthalpy (e.g, 20-40 
kJ mol ) is usually observed. 
Detailed studies on supercooled liquids by 
Williams and co-workers (9-11) suggest that the a-relaxation 
process is due to cooperative rearrangement of the molecules. 
This view has also been supported by Johari (12), Goldstein 
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(13) has suggested that the ^“process does not reflect the 
features of the individual molecules that compo,se the glass, 
but arises from common features of amorphous packing. Johari^ 
(12) on the other hand, has proposed that the 3-relaxation 
process arises from the hindered rearrangement of the molecules 
encaged by a large region which have been made relatively 
immobile by the stringent requirement of cooperative motion. 
The features of the 3-relaxation process should be independent 
of the shape of the solute molecules if it is due to amorphous 
packing, while it should depend upon the molecular shape if 
it is due to orientation of the encaged molecules. After 
studying a lot of polar solutes dispersed in an organic 
glass, such as cis-decalin, glassy o-terpheny1, Santovac® and 
polystyrene. Walker and co-workers (14) and Agarwal et al 
(15) support the model proposed by Johari that in the 
amorphous phase above T the dielectric behaviour is governed 
§ 
by the cooperative rearrangement of molecules, while the 
glassy phase below T the 3-relaxation process arises from 
§ 
the hindered rotation of polar molecules engaged in the 
glassy matrix. 
To clarify the nature of the relaxation and the 
variables upon which it depends. Shears and Williams (16) 
studied di-n-butyl phthalate (DBF) in o-terphenyl from 4.8- 
100% concentrations to examine the effects of solute con- 
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centration on relaxation in the supercooled liquid state. 
It is found that the approximately propor- 
tional to solute concentration up to 50% DB^ but at 
higher concentration the plots curve towards the final pure 
DBF value. The apparent activation energy is also varied 
depending upon the concentration of the solute. They 
rationalized this variation in terms of a distribution of 
local concentrations in the mixture, Mansingh et al (17) 
studied chlorobenzene in cis-decalin at. five concentrations 
(12,98, 18,05, 20,80, 21,99 and 25,01 mol%) and reported 
that the magnitude of the a-relaxation peak increases 
with increasing concentration^but there is a negligible 
change in the temperature of the peak with a change,in 
concentration. The activation energy, "^^146 kJ mol 
also does not show any systematic increase with concen- 
tration, The tan6 peaks for the B^relaxation become more 
pronounced for higher concentration solutions but there 
is hardly any.change in the temperature of the peak with 
concentration. The fact that a- and B~relaxation peaks 
in tand for different concentrations occur almost at the 
same temperature at a given frequency suggests that the 
relaxation frequency is determined mainly by the viscosity 
of the glassy phase of cis-decalin and that the dipole- inter- 
actions of the solute molecules have negligible effect 
199 
on the relaxation frequency. Saleh (18) studied methyl 
iodide in cis-decalin at several concentrations and 
found that the e" at a fixed frequency increases with 
max 
concentration up to a certain limit (23 wt. %) and then 
decreases with concentration gradually. He could not study 
this system in detail owing to the limited solubility- of 
methyl iodide in cis-decalin. It seemed worthwhile to 
carry out systematic dielectric studies on the effect of 
the concentration of the solute molecules on the a- and 3“ 
relaxations in greater depth than any available in the 
literature. We have chosen 1,1,1*^trichloroethane and 
carbontetrachloride for the purpose for the following reasons: 
(a) both the 1,1,1-trichloroethane and carbontetra- 
chloride are almost perfectly spherical and should pack in a 
sphere-like manner; 
(b) dielectrically 1,1,1-trichloroethane may be 
regarded as a rigid molecule; 
(c) it would be simpler than any otheridetailed study of 
two-component mixtures in the literature, and 
(d) both are miscible in any proportion. 
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V-2: EXPERIMENTAL RESULTS 
Both 1,1,1-trichloroethane and carbontetra- 
chloride were procured from the Aldrich Chemical Company, 
Although these chemicals were of high grade purity (above 
99%) they were further dried and purified through fractional 
distillation before use. The measured boiling points 
and refractive indices showed good agreement with the 
literature values. Thirteen concentrations (from 0,9 to 
83.4 mol%) of 1,1,1-trichloroethane in carbontetrachloride 
and one 50 mol% solution of 1,1,1-trichloroethane in 
silicon tetrachloride were studied. Pure 1,1,1-trichloro- 
ethane and carbontetrachloride were also measured. 
Measurements were done on the GR1621 Precision 
Capacitance Measurement System with the use of a three-terminal co- 
axial cell between 10 Hz to 10^ Hz in the temperature range 
77-220 K, The empty cell was tested from room temperature 
to liquid nitrogen temperature^ and it showed no observable 
dielectric loss at any frequencies though there was a 
little variation of capacitance. This shows that the cell 
has no contribution to the dielectric loss factor. 
Some of the systems were measured twice (both by .a-heating 
and cooling technique) and each time the dielectric relaxation 
201 
was observed almost at the same temperature region^suggest- 
ing that the absorptions were not the consequence of cracks 
in the sample. The apparatus and the procedures employed in 
the measurements, and the preparation of samples have been 
described in a previous chapter (Chapter H).* The methods 
employed for the evaluation of relaxation and activation 
parameters have also been described previously (Chapter II). 
Table V-1 collects the values of AH , AS along 
hi hi 
with the AG„ and T values at 100 K, 150 K and 200 K for 
hj 
each system where appropriate. Tables V-2 and V-3 present 
the results obtained by Hossain (19) and Saleh (18). 
Experimental values of T, logv , 3 and e" ^ ^ max’ .max’ 
at various temperatures obtained for these systems are 
listed in Table ¥-4. 
The plots of dielectric loss factor e" versus 
temperature (K) at a fixed frequency for some of 
the systems are given as sample plots in Figures V-la to V-4a 
Figures V-5b to V-12b show the sample plots of e" versus logv 
for the systems mentioned. The Eyring plot, logTx versus 
1/T is presented as sample plot for the mentioned systems 
in Figures Y-13d to V-20d while Figures V-21 and V-22 represent 
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the variation of maximum dielectric loss factor, e” , 
with the concentration of the solute (in mol %) in carbon- 




Two absorption processes were found for 1,1,1- 
trichloroethane in the pure solid state; one in 96-105 K 
and the other in the 117-123 K region. The lower tempera- 
ture absorption gives broad asymmetric loss curves with a 
half-width of ^^5 decades of frequency. The linear Eyring 
plot, logTx versus l/T, yields the activation parameters 
as, AH^ = 16 kJ mol“^, AS^ = -16 J K"^ mol”^ and AG„ = 
18 kJ mol ^ and T = 1,2x10 ^ s at lOOK, The 3 value for 
this relaxation ranges between 0,21-0,26, These parameters 
are in agreement with those obtained by Hossain (19), 
N,m,r, studies on 2,2-dichloropropane and 1,1,1-trichloro- 
ethane in the pure solid state yielded values of 13 and 19 
kJ mol ^ for the molecular tumbling of these molecules (20), 
The AH„ obtained for molecular rotation of the almost similar 
£j 
sized mo 1 ecu 1 e.j 2-bromo-2-methy 1 propane, is 13 kJ mol ^ (19) 
Within experimental error, these values are close to our 
value which suggests that the lower temperature process of 
1,1,1-trichloroethane in the pure solid state may be attributed 
as the molecular process. This is also supported by the 
lower 3”values (0,21-0,26), 
The higher temperature dispersion yields 
asymmetric loss curves with half-width '1^2,2 decades of 
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frequency. The loss curves are highly temperature sensi- 
tive, The 3-value for this dispersion ranges between 
0,51-0,71^ The Eyring plot, logTx versus 1/T, though 
not appreciably curved, yields higher dielectric parameters, 
such as, mol “ 440 
J K ^ mol ^ and AG = 27 kJ mol ^ and T = 7.2x10^ s at 100 K, 
h 
These values are very close to the values obtained for 
other almost similar-sized spherical molecules (19): 2,2- 
dichloropropane, 2-chloro-2-methyl-propane, 2-bromo-2-methy1 
propane and methyl trichlorosilane for their a-relaxation, 
Baker and Smyth (21) found similar values for l-bromo-2 — 
methyl propane and 1-bromo-2-methy1 butane in the glassy 
state. They interpreted their results in terms of a 
co-operative process similar to those obtained for 
associated liquids such as glucose. In this mechanism 
it is envisaged that a dipole may only reorientate with 
the cooperation of a large region of surrounding molecules. 
The AHg for cooperative relaxation of supercooled n-propyl 
benzene which is very similar to 1,1,1-trichloroethane is 
about 80 kJ mol ^ (22), Thus the higher temperature 
dispersion of 1,1,1-trichloroethane having fairly high 
ASg and 3 values may be attributed to a cooperative relaxa- 
tion process involving .the moti:on oflarge regions of the 
glassy solid. 
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In our frequency range dried and purified 
carbontetrachloride gives a relaxation process in the 
temperature range 183-199 K with a dielectric loss of the 
-4 . 
order 1,5 x 10 . This process is reproducible both by 
heating and cooling techniques. The dielectric loss factor 
and the peak position does not change appreciably after 
saturating carbontetrachloride with water for several days. 
The relaxation process of carbontetrachloride follows all 
the characteristics of a cooperative process, such as 
asymmetric loss curves with a half width of '^l-.5 
decades of frequency, non-Arrhenius behaviour of Eyring 
plot, loglT versus l/T, temperature sensitivity of the 
process with high 3 values (0,6-0,99) and the fairly 
high activation parameters: AH„ = 47 kj mol AS = 67 
h xii 
J K ^ mol and mol ^ and T = 5,9x10^ s at 
100 K. 
Carbontetrachloride has no permanent dipole, 
although it has a small induced moment in the liquid 
phase which is considered to arise from collisions of the 
neighbouring molecules having quadrupole and higher 
multiple moments (23), The results of carbontetrachloride 
are not in harmony with what is to be expected from theory 
in that a dipole moment is essential to detect an a-(or a 
3”) process. Very recently Walker and his coworkers (24) 
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reported that cis-decalin exhibits an a-process whereas 
trans-decalin, which by viture of its symmetry has 
no permanent dipole moment, exhibited no absorption in 
the range 80-208 K, The results are in harmony with those 
expected from theory. They found that the presence of 17.2, 
1.0 or even 0.2 mol % chlorobenzene; (y = 1.58 D) in trans- 
decalin leads to the detection of an a-process. This behaviour 
is also found in another non-polar molecule cyclohexane. From 
these they concluded that an a-process may occur in these non- 
polar molecule but is detected only when a polar-molecular 
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probe is inserted. The implication from these results 
is that 0,2 mol% impurity of even a moderately polar molecule 
can lead to the detection of an a-process in a non-polar 
molecular system. Very few liquids have a better purity 
than 99,8%. Even the spectroscopic-grade chemicals are 
only 99% pure or better. Thus when extremely low loss 
-4 
(e.g. e"^<10 ) are detected for an a-process^ the purity of 
the sample needs to be questioned^but normally it is ex- 
tremely difficult to establish that a compound is completely 
pure. From all these it can be concluded that the cooperative 
process in carbontetrachloride may be attributed either 
(a) to the presence of trace amounts of polar impurities 
which are acting as a probe or (b) to the induced dipole 
moment for the highly polarizable chlorine atoms in carbon- 
tetrachloride. 
Mixtures of 1,1,1-trichloroethane and carbon- 
tetrachloride in various proportions (from '^0.9-83 mol %) 
in the solid state give signs of only one type of 
relaxation process for each system within the temperature 
range 98-138 K. The magnitude of the relaxation peaks 
depend upon the concentration^but there is a negligible 
change in the temperature of the peak with change in 
concentration. The relaxation parameters for this dispersion 




mol AS^ = 31-64 J K“^ mol“^ and AG^ = 19-21 kJ mol“^ 
E E 
and T = 2.9x10 s at 100 K respectively. It is remarkable 
that AH„ and AG„ stay virtually constant over this wide 
concentration range. This bears out that we are dealing 
with the same process over this concentration range. This 
type of behaviour is also reported by Mansingh (17) for 
chlorobenzene in a limited study of“chlorobenzene/cis-decalin mixtures. 
These dispersions exhibited by 1,1,1-trichloroethane in 
carbontetrachloride have different characteristics from 
those of an a-process. In fact^they satisfy the criteria 
which characterize a 3“process in glassy media, namely 
broad asymmetric loss curves, linear Eyring plots, and 
relatively small AH values. These observation cannot 
be accounted for by internal rotation in this molecule as 
there is no perpendicular component of the dipole moment 
to the C—C axis. 
Comparison of the AH values for the 3-process 
of the three most spherical molecules, 2,2-^d ichloropropane , 
2-methy1-2-bromopropane (19) and 1,1,1-trichloroethane in 
the pure solid state and cis-decalin media (18) (Tables 
1, 2 and 3) indicates that both the AG at 100 K and AH 
E E 
values are significantly higher in the former state. This 
would seem reasonable in that more interaction may be ex- 
pected between the polarizable halogen atoms than with the 
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halogen and methylene groups (in cis~decalin). When the 
dispersion medium is changed from cis-decalin to carbon- 
tetrachloride for the solute 1,1, l^-tr ichloroethane , almost 
similar AH_ results (Table V-1 ) to that for the pure 
£i 
solid. If the ^“process for 1,1,1-trichloroethane in the 
pure solid and in carbontetrachloride were a molecular 
process, then these results would be understandable since 
in each case the 1,1,1-trichloroethane would be reorient- 
ing in similar environments of chlorine atoms. It is worth 
noting that n.m.r. studies on 2,2-dichloropropane and 1,1,1- 
trichloroethane in the solid state yielded values of 13 
and 19 kJ mol ^ for the molecular tumbling of these 
molecules (20). Thus, our AH^ values for 1,1,1-trichloro- 
ethane in both the pure solid state and in the dispersion 
medium carbontetrachloride are closely similar to the. 
n.m.r, values for molecular tumbling. It would seem that 
in this case at least molecular relaxation may well be 
the mechanism which accounts for the 3-process. The same 
order of AH„ values for 1,1,1-trichloroethane in the pure 
solid state and in carbontetrachloride may be appreciated 
in that both the 1,1,1-trichloroethane and carbontetrachloride 
are spherical and may pack together in a similar manner 
with no shape or size factors differently influencing the 
packing of the pure 1,1,1-trichloroethane and of a mixture 
of this and carbontetrachloride. At the time of rotation 
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of the solute molecules the disorder in the system 
will be higher for the similar spherical shape and size 
of the solute and solvent molecules but a very narrow 
range of environments will be encountered by the solute 
molecules at any one temperature. This accounts for the 
relatively higher entropy of activation and the Fuoss- 
Kirkwood distribution parameters, 3, for^^these systems. 
An exactly similar type of relaxation process, 
as for 1,1,1-trichloroethane and carbontetrachloride mixture, 
is obtained for 50 mol % (1:1 mixt.) 1,1,1-trichloroethane 
in silicontetrachloride in the solid state with slightly different 
relaxation parameters, which are AH„ = 29 kJ mol*"^, AS„ = 
E E 
61 J K ^ mol ^ and AG = 23 kJ mol ^ and T = 4,7x10 ^ s 
at 100 K respectively. This also bears out that the relaxation 
frequency is determined mainly by the viscosity of the 
glassy phase and that the dipole dipole interactions of the 
solute molecules have negligible effect on the relaxation 
frequency. As silicontetrachloride and 1,1,1-trichloroethane 
mixture is corrosive to our cell we could not make a detailed 
study of this system. 
One feature which remained when a comparison 
was made of the dielectric data of the pure solid (19) and 
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the solute in cis-decalin (18) was the enormous difference 
in the e" values. In the pure solid it ranged between 
max 
-3 ... 
1.5 to 3x10 whereas for the solute in cis-decalin the 
values for methyl iodide, 1,1,1-trichloroethane, tert-butyl 
-3 
bromide and tert-butyl chloride were 12, 58, 69 and 90x10 . 
The dielectric loss depends upon (a) the square of the . 
dipole moment for the relaxation process involved, (b) the 
number of the dipoles in a given volume and (c) the ease 
with which the dipole can rotate. Off-hand the loss in the 
pure solid might have been anticipated to be the greater 
since the number of highly polar molecules in,a given volume 
would be much greater. As a consequence, we made a detailed 
study of the influence of concentration on e" for: 
(a) methyl iodide in cis-decalin (18), and 
(b) 1,1,1-trichloroethane in carbontetrachloride. 
The results are presented in Figure V-21 and Figure V-22 
respectively. From these figures it may be observed that 
only at low concentrations, the maximum dielectric loss 
e"max 3. particular frequency (1.01 :kHz) is proportional 
to the concentration of the solute and that at higher con- 
centrations it begins to decrease and may (as in Figure V-21 
“3 -3 
drop off very rapidly from 347x10 (for 43 mol %) to 47x10 
(for 50 mol %) and then linearly decrease towards the 
final pure solute value. Thus, as the case of the pure solid 
is approached^ the loss factor may be appreciably lower than 
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the value for a 7 mol % concentration - a typical measure- 
ment concentration. 
It would seem feasible that at the high concen- 
trations where molecular interaction would be the greatest 
either: 
(i) relatively few molecules have sufficient free 
volume for rotation to be permitted, 
or 
(ii) the molecules are permitted to turn through 
a very limited angle, 
or 
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Fuoss-Kirkwood Analysis parameters for 1,1,1-trichloroethane, 
carbontetrachloride and solutions of 1,1,1-trichloroethane in 
carbontetrachloride and silicontetrachloride. 
T(K) 10°T(S) logv 
max lO-'e max 



























































































































































TABLE V-4: continued,,, (page 2 of Table V-4) 
T(K) IO^'TCS) logo 
max e lO^e 
II 
max 
















































































































































TABLE V-4: continued... (page 3 of Table V-4) 
T(K) lO'^T (S) logv max 
lO^e max 





































































































































TABLE V-4: continued... (page 4 of Table V-5) 
T(K) lO'^T(s) logv 
max lO^e" max 
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TABLE V-4; continued,,, (page 5 of Table V-4) 
T(K) 10 T(S) logV 3 
^ max lO^e" max 












































































































































































4; continued.,, (page 6 of Table V-4) 
10^T(S) logv 
^ max 3 lO^e 
II 
max 
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FIGURE V-13d:’ Eyring plot of’logTx versus 1/T (K for 1,1,1-trichIoroethane 
in the pure solid state. 
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FIGURE -14d: Eyring plot of logTx versus 1/T (K for 1,1,1-trichloro- 




FIGURE V-15 ,d: Eyring plot of logT-T versus 1/T (K for 
carbontetrachloride in the pure solid state. 
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FIGURE V-16d: Eyring plots of logTT versus 1/T (K for’ 1,1,1- 
trichloroethane in carbontetrachloride. A=8.4 M 





FIGURE '-17d: Eyring plot of logTx versus 1/T (K for 
1,1,1-trichloroethane in carbontetrachloride 
(5.1 M) 
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FIGURE V-18d: Eyring plots of logTr versus 1/T (K for 1,1,1- 








FIGURE V“19d: Eyring plots of logTx versus 1/T (K for 
1,1,1-trichloroethane in carbontetrachloride 
A=1.07 M; B=0.66'M; and C=0.09 M 
9-5 
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FIGURE V-20d: Eyring plot of logTx versus 1/T (K for 1,1,1- 





































































































RELAXATION OF SOME FAIRLY 




Hydrogen bonding is a phenomenon of importance 
to chemists working in often quite different spheres of 
chemistry. Broadly speaking there are those concerned with 
the actual concept and energetics of hydrogen bonds and a 
majority of others interested in the effects of hydrogen bond- 
ing on molecular structure. Infrared absorption and nuclear 
magnetic resonance spectroscopy have provided very 
sensitive means of detecting hydrogen bond format ion. and 
have-been extensively employed in both qualitative and 
quantitative studies of hydrogen bonded systems. These are 
not the only tools available and many other techniques have 
provided important results. Each method has its own 
particular assets and limitations in its application to 
hydrogen bonding and these have been well described and 
discussed elsewhere (1,2). Hydrogen bonding compounds con- 
taining hydroxyl groups, especially^the aliphatic alcohols 
and aromatic phenols as well as their solutions have been 
studied by various dielectric absorption techniques. Studies 
on primary and secondary alcohols in the pure liquid state 
(3-7) indicate that the dielectric dispersion may be described 
by three relaxation times with the dominating low-frequency 
process of Debye type^. Stud ies'(8-13 ) on alcoholic 
solutions in non-polar solvents show that the contribution 
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from the low-frequency process (TI) is diminished gradually 
on dilution and becomes insignificant at high dilution. 
Despite diverse interpretations (19,15) by different workers, 
they seem to converge at one point that the absorption 
process (T3) having the shortest relaxation time is due 
to the reorientation of the OH group in the free monomers 
around the C-0 bond. The other two relaxations become 
complicated owing to the effect of intermolecular hydrogen 
bonding. 
In general the effect of molecular interaction and 
specifically intermolecular hydrogen bonding on the dielectric 
relaxation time of a molecule may be two fold; 
(i) Molecules may strongly associate to form a complex 
which, if polar, will itself reorientate under the influence 
of the applied field with a relaxation time considerably longer 
than that of the uncomplexed monomer unit. 
(ii) Association into a rigid complex may not occur but^the 
reorientation of the molecules may be slowed down, and 
thus the relaxation time lengthened by the attractive 
influence of neighbouring molecules. For these reasons 
hydrogen bonding has the effect of increasing the barrier 
to molecular rotation. 
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Khameshara et al (16) dielectrically studied n- 
butanol, iso-butanol, sec-butanol and tert-butanol at 35°C 
and found evidence for the existence of more than one re- 
laxation mechanism in each of the systems. They interpreted 
their results in terms of simultaneous intramolecular re- 
orientation of OH group with the end-over-end molecular 
rotation. The higher T values were accounted for by the forma- 
tion of dimers by intermolecular association and solute 
solvent interaction. 
From n,m,r, studies on tert-butanol, phenol, and 
methanol in carbontetrachloride (from 0,01 M - 10 M solution) 
Saunders and Hyne (17) reported that tert-butanol and phenol 
form monomer-trimer equilibria whereas methanol forms 
monomer-tetramer equilibria, Musa et al (18) found monomer- 
tetramer equilibria in tert-^butanol in benzene solution 
by ultrasonic technique. They obtained the enthalpy of 
-1 
activation for tetramer rotation as 64,4 kJ mol 
Errera et al (19) studied a number of simple 
alcohols in carbontetrachloride by infrared technique and 
reported that (i) carbontetrachloride has a higher dissocia- 
tion power owing to the higher dielectric constant compared 
to that of gas, (ii) alcohol is (in CCl^) only completely 
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dissociated at concentrations smaller than 0,1 percent in 
volume, (iii) in the mechanism of the association of alcohol 
at least two steps may be distinguished; formation of 
double molecules and of polymolecular complexes. The latter 
are very sensitive to the temperature. 
Kozodziej and Malarski (20) measured the 
dielectric permittivity and temperature dependence of in- 
frared absorption of di-tert-butylcarbinol, t-(But)2CHOH, a 
molecule capable of forming only the dimer in n-heptane 
and carbontetrachloride and reported that the dimer peak 
position is around 3530 cm ^ and the lower temperature is 
favourable for cyclic dimers than for the open aggregates. 
Dwivedi et al (21) dielectrically studied tert- 
butanol and tert-amyl alcohol in the pure liquid state in 
the range 0.1 - 18000 MHz and 30 - 70°C and found only one 
dielectric dispersion in each case with activation enthalpies 
50,3 and 50.8 kJ mol respectively. They interpreted 
their results in terms of the simultaneous rotation of free 
monomeric unit and the breaking and reforming of hydrogen 
bonds in molecular chains of varying length followed by 
partially free R-OH rotation, 
Crossley (10) studied.n-, iso-, sec- and tert- 
butanol in p-xylene solution at concentrations of 2 - 12 mol % 
q 1. ts r» r* V 15 2 e 
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over the frequency range 1-35 GHz at 25°C, For most 
dilute solution he obtained only one dispersion region which 
he interpreted as being due to the -"OH.group rotation. For 
higher concentration solutions two dispersion regions were 
found. The new dispersion which depends strongly on the 
concentrations of alcohol was attributed to the rotation 
of multimers. Harris et al (22) after measuring the dielectric 
polarization for 2-octanol, tert-butanol, n-butylchloride 
and bromide and tert-butylchloride over a temperature range 
of 14-50*^0 and pressure of 1 - 200 atms, showed that the 
average number of molecules per chain of polymerized tert- 
butanol varies between "t2-4. 
almost spherical^dipolar molecule isoborneol in the pure 
solid state and obtained fairly high activation enthalpy and 
entropy for molecular rotation in comparison to the 
corresponding rigid molecule bornyl chloride as: 
Clemett and Davies (23) dielectrically studied the 
Mo 1ecule AH„(kJ mo1 ^) 
Ji 
AS^(J K ^ mol ^) 
£j 
isoborneol 23 ± 0.4 25.5 ± 1.7 
bornyl chloride 10.5 7.9 
They also found some evidence that the energy barrier 
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increases with the decrease of temperature and suggested 
that this could be interpreted by intermolecular inter- 
action. The excess energy is needed to overcome the total 
interaction of the hydroxyl group with its neighbouring 
molecules. 
It is now well established that the molecular 
aggregation depends on (a) the concentration of the solute, 
(b) the nature of the dispersion medium and (c) the 
temperature of the system. The formation of aggregates in 
alcohols, especially^ in the simple spherical alcohols, like 
tert-butanol and its dielectric dispersion is still controversial. 
We studied some long-chain aliphatic normal alcohols and thiols 
in polystyrene matrices (Chapter IV) and found no evidence 
for hydrogen bonding in our low concentration range (^^5% by wt) 
which is logical and.in line with Meakinfe findings (24). It 
seems worthy to extend this study to some simple spherical 
alcohols in the pure state and in various glass forming 
dispersion medium, such as polystyrene, G.O.T.P., carbon- 
tetrachloride, etc, in different concentrations. We studied 
the effect of solute concentration on the relaxation parameters 
for non-associating, rigid, fairly polar, spherical molecules 
1,1,1-trichloroethane and carbontetrachloride system (Chapter 
V). It will be interesting to extend this study for associa- 
tingj the non-rigid, fairly polar, spherical molecule 
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tert-butanol and carbontetrachloride system. This 
type of study for simple systems may often lead to the 
solution of a complicated system. 
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VI-2: EXPERIMENTAL RESULTS 
Both tert-butanol and carbontetrachloride were 
procured from the Aldrich-Chemical Co, -Although these chemicals 
were of high grade purity (above 99%) they were further 
dried and purified through fractional distillation before use. 
The measured boiling points and refractive indices showed 
good agreement with the literature values. All other chemicals 
were used without further purifications but properly dried 
prior to use. Dielectric measurements were done on a GR 1621 
Precision Capacitance Measurement System using a three-.. 
terminal parallel plate capacitance and co-axial cell between 
5 
10 Hz and 10 Hz in the temperature range 77 K to 200 K and 
in some cases up to 300 K. The empty cell was tested 
from room temperature to liquid nitrogen temperature (for 
liquid sample) and it showed no observable dielectric loss 
at any frequency. Some of the samples were measured twice 
(both by heating and cooling) and each time the dielectric 
relaxation was observed almost at the same temperature 
region suggesting that the absorptions were not the 
consequence of cracks in the sample. 
The apparatus and procedures employed in the 
dielectric measurements, and the preparation of samples 
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have been described in a previous chapter (Chapter II). 
The methods employed for the evaluation of relaxation and 
activation parameters have also been described previously 
(Chapter II) . 
Table VI-1 collects the values of AS^ along 
with the AG„ and T values at 100 K, 150 K and 200 K for 
ti 
each system where appropriate. 
Experimental values of T, logv , 3 and e” - at max max 
various temperatures obtained for these systems are listed 
in Table VI-2. 
Figures Vl-la to VI-7a show the sample plots 
of dielectric loss, e" versus T (K) for the dipolar molecules 
in the medium mentioned. Sample plots of e" versus logV 
are shown in Figures VI-8b to VI-18b while Figures VI-19c 
to VI-26G present the Cole—Cole plots for these molecules in 
their respective dispersion region. Sample plots of logTx 
versus 1/T for different systems are presented in Figures VI-27d 
td VI-38d. Figure VI-39 represents'the variation of e" 
‘max 



















This molecule has been studied in three different 
media, namely, polystyrene (5.82 % by wt), carbontetrachloride 
(6.58 % by wt) and G.O.T.P. (8.0 % by wt). In polystyrene 
and carbontetrachloride only one dispersion is found in the 
temperature range 80-98 K. The Fuoss-Kirkwood distribution 
parameter, 3, for these dispersions ranges between 0,16-0,19. 
Such a low value of distribution parameter, 3, indicates the 
wide distribution of relaxation times which is usual for 
molecular rotation of rigid molecules in various glass forming 
media (25-28). The relaxation parameters for norborneol in 
polystyrene matrix and carbontetrachloride are very close to 
those obtained for molecular rotation in the corresponding 
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These results appear to suggest that the dispersions 
of norborneol in polystyrene and carbontetrachloride are 
due to the molecular motion of the molecule and there are no 
intermolecular hydrogen bonding for these systems. This 
result is consistent.with our long chain aliphatic alcohol 
and thiol results (see Chapter IV). 
Two separate dispersion regions were exhibited 
by relatively higher concentration (8*0 % by wt) norborneol 
in G.O.T.P., one in the temperature range 85-99 K and the 
other 144-166 K. The Eyring plot, logTx versus 1/T, which 
is a clear straight line, yields the relaxation parameters 
-1 for lower temperature dispersion as; AH„ = 13 kJ mol , AS = 
EJ IIJ 
-22 J K ^ mol ^ and AG„ - 16 kJ mol ^ and T = 7.3x10 ^ s at 
ili 
100 K, The 3-value for this dispersion ranges between 0.16- 
0.18, within : experimental error, these parameters are very 
close to those for molecular rotation in similar-sized rigid 
molecule, norcamphor in G.O.T.P,; AH„ = 17 kJ mol AS„ = 
’ Ji hi 
16 J K ^ mol ^ and AG = 15.4 kJ mol ^ and T = 5.4x10 s at 
hi 
100 K,(see Chapter III). These results appear to suggest 
that the lower temperature process obtained for norborneol 
in G.O.T.P. is due to the molecular rotation of the free 
monomer unit. The relatively higher enthalpy of activation 
13 kJ mol ^ cannot be accounted for by OH group rotation. 
The reported enthalpy of activation for -OH group rotation 
260 
in 2,4,6-tri-t-butyIphenol in the solid state, where there 
is significant contribution of conjugation and steric effect 
is 9.2 kJ mol ^ (29). Moreover, the low 3-value (0.16-0.18) 
bears out the nature of molecular rotation for this dispersion. 
The higher temperature dispersion for norborneol 
in G.O.T.P. yields the relaxation parameters: = 30 kJ 
mol As = 31 J K ^ mol ^ and AG = 27 kJ mol ^ and T = 
9.4x10^ s at 100 K. The Fuoss-Kirkwood distribution parameter, 
3, for this process ranges between 0.12 - 0.23. Such a low 
3 -value indicates the wide distribution of relaxation times 
which is usual for molecular rotation in various types of 
rigid molecules in different glassy media (25-28). But the 
observed activation parameters for this molecule does not 
appear to correspond to its size as might be expected for 
simple molecular rotation. The experimental AH of 30 kJ mol ^ 
hi 
for norborneol is significantly higher than the corresponding 
value of 17 kJ mol ^ for the similar-sized rigid molecule 
norcamphor (see Chapter III). These results appear to indicate 
that the higher temperature dispersion for norborneol in 
G.O.T.P. may be due to the breaking of one hydrogen bond 
followed by molecular rotation of the partially free monomer 
or owing to the rotation of dimer. This is not unreasonable 
because in this case slightly higher concentration and 
different dispersion medium than polystyrene and carbontetra- 
26.1 
chloride was used. These conditions might allow norborneol 
to form an equilibrium between monomer, dimer and 
multimer units in lower temperatures ,(1iquid nitrogen). 
The AH obtained for molecular rotation for two 
Ili 
similar-sized molecules, 2-naphthol and 2-chloro-naphthalene 
in polystyrene matrices are 52 and 35 kJ mol ^ (30), 
respectively. The author explained the higher value 
£j 
for 2-naphthol as due to the intermolecular hydrogen 
bonding. Clemett and Davies (22) interpreted the higher 
AH value (23 kJ mol ) for molecular rotation in isoborneol 
hi 
in comparison to the similar-sized rigid molecule bornyl 
chloride (10.5 kJ mol ^) in the pure solid state as for the 
intermolecular hydrogen bonding in isoborneol. We estimated 
an approximate hydrogen bond strength in alcohol as 13 kJ 
mol ^ (see Chapter IV). If this is taken into account then 
the 30 kJ mol ^ energy barrier for molecular rotation for 
norborneol in G.O.T.P. is understandable as: 13 kJ mol ^ of 
energy is spent.for the breaking of one hydrogen bond and the 
rest, 17 kJ mol for molecular rotation which is the same for 
the similar-sized rigid molecule, norcamphor in G.O.T.P. 
(see Chapter III). 
2. Isoborneol 
This molecule was previously studied in the pure 
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solid state by Clemett and Davies (22) and obtained 
-1 
activation enthalpy and entropy as 23 kJ mol and 25.5 
J K ^ mol respectively. They found that the value 
and the distribution of relaxation time increases with the 
decrease of temperature. The AH value is also higher 
ti 
than the corresponding similar-sized rigid molecule, bornyl 
chloride (10.5 kJ mol^). These were attributed as to be 
due to the intermo1 ecu 1ar interaction which increases in 
the solid state as the temperature falls. 
Present dielectric investigation of this molecule 
in a polystyrene matrix shows only one dispersion region in 
the temperature range 87-109 K. The Eyring plot, logTx 
versus 1/T, which is a clear straight line (Arrhenius behaviour) 
yields the relaxation parameters as AH„ = 18 kJ mol AS„ = 
IL HJ 
10 J K ^ mol ^ and AG = 17 kJ mol ^ and x = 2.2x10 ^ s at 
bj 
100 K, respectively. The 3“value for this dispersion ranges 
between 0.17-0.19, Such a low ^-value which indicates the 
wide distribution of relaxation times in polystyrene matrices 
is one of the important characteristics of a molecular pror 
cess (24-17). The relaxation parameters obtained for this 
molecule are very close to those for molecular rotation in the 
simi1ar-sized^rigid molecule^camphor in a polystyrene matrix 




and AG = 17 kJ mol and T = 2.2x10 s at 100 K. These 
£ 
results indicate that there is no intermo1ecular hydrogen 
bonding in isoborneol in polystyrene matrix in our concentra- 
tion range and the dispersion is purely due to a molecular 
rotation. This finding supports Davies* (23) point that 
the higher AH value in isoborneol for molecular rotation 
in the pure solid state is due to the intermolecular hydrogen 
bonding. This is also in line with our results for 
long—chain aliphatic alcohols and thiols in polystyrene 
matrices (see Chapter IV) and norborneol in different media. 
3. Fenchyl alcohol 
This molecule exhibits only one dielectric dispersion 
in a polystyrene matrix in the temperature range 114-127 K. 
The Fuoss-Kirkwood distribution parameter, 3, for this relaxa- 
tion process varies between 0.14-0.15 which is usual for 
molecular rotation of rigid molecules in polystyrene matrices. 
The relaxation parameters obtained for this dispersion are 
very close to those for molecular rotation of similar-sized 
rigid molecule 1-fenchone (see Chapter III) as: 
Mo Iecule 
KJ mol J K“^ mol”^ kJ mol 
at 100 K 





















These results appear to indicate that there is no intermolecular 
hydrogen bonding in fenchyl alcohol in polystyrene matrix 
and the relaxation process is due to the molecular rotation 
of the molecule in polystyrene cavity, 
4, 5-Norbornene-2-carboxaldehyde 
This molecule containing a flexible group (-CHO) 
exhibits only one relaxation process in a polystyrene matrix 
in the temperature range 91-106 K. The 3”value for this 
dispersion ranges between 0.17-0.19. The relaxation parameters 
obtained for this dispersion are: AH_ = 18 kJ mol AS = 20 
£j 
J K ^ mol ^ and AG_ = 16 kJ mol ^ and T= 1.5x10 ^ s at 100 K, 
E 
The Eyring plot, logTi versus 1/T is a clear straight line 
which dismisses the possibility of overlapping processes. 
The relaxation parameters for this molecule are very close 
to those for the molecular rotation of camphor, an almost 
similar-sized rigid molecule (see Chapter III) and isoborneol 
in polystyrene matrices. These facts bear out that 
the relaxation process obtained for this flexible molecule 
may be due to the whole molecule rotation but not owing to 
the intramolecular rotation of the -CHO group. This group 
rotation may then be below the liquid nitrogen temperature 
for our frequency range. The low 3-value (0.17-0.19) for 
this dispersion is in support of the molecular but not the 
intramolecular nature of the process in polystyrene matrix. 
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5. Methanol and tert-butanol 
We did not find any indication of intermo1ecular 
hydrogen bonding in various types of alcohols and thiols (see 
Chapter IV) in polystyrene matrices in the usual concentration 
range of .5 M (5 %) . These two simple alcohols have been 
studied in polystyrene matrices relatively at higher 
concentration ranges (above 1.0 M "^lO %). In each case one 
dielectric dispersion was obtained in the temperature range 
210-263 K with an indication of another process below the 
liquid nitrogen temperature. The 3-value for these 
dispersions ranges,between 0.24-0.33. The relaxation 
parameters obtained for these two molecules are surprisingly 
almost similar: AH = 47 kJ mol AS - 26 and 21 J K ^ 
hi hi 
mol AGTT at 100 K = 45 kJ mol ^ and T at 100 K = 1,0 and 
hi 
1.1x10^^ s, respectively. These dispersions have different 
characteristics from those of an a-process. In fact these 
dispersions satisfy the characteristics of a 3-process, 
namely, broad symmetric loss curve, less sensitivity of 
^max temperature, linear Eyring plot and relatively 
small AH value. These observations cannot be accounted for 
hi 
by the intramolecular OH group rotation. The relaxation 
parameters^ obtained for these molecules do not appear to 
correspond to their size as might be expected for simple 
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molecular rotation. These dispersions cannot be interpreted 
simply as owing to the presence of moisture as impurity 
in the sample. Before making the disk both the samples were 
properly dried, distilled and middle fraction were collected 
for experiment. The dielectric loss obtained for these 
-3 
dispersions are of the order '^>4xl0 .. Desando et al (31) 
reported dielectric loss peak for moisture impurity, in poly 
(ethylmethacrylate), Santovac® and G.O.T.P. in the 
temperature region below 210 K at 1 kHz. Methanol and tert- 
butanol absorption peak at 1 kHz in polystyrene matrices 
are around 238 K. The relaxation parameters obtained for 
moisture impurity are: AH = 44 kJ mol 
hj 
AS^ = 41 J K“^ mol”^ 
hi 
AG^(150 = 38 kJ mol K) ~ 7.6x10^ s, 3 = 0.38-0.67 
(for 0.2 % water in G.O.T.P.); AH^ = 43 kJ mol AS^ = 38 
-1 -1 
J K mol , AGg^^^Q = 37 kJ mol ^(150 K) 3.3x10 s 
and 3 = 0.59-0.86 (for 0.7 % water in Santovac®); AH.^ = 38 kJ 
mol , ASg = 8 J K mol , AG^^^QO K) ^(200 K) 
6.4x10 ^ s (for moisture in polyethylmethacrylate). All 
these relaxations exhibited by moisture impurity have a higher 
3“value (0.38-0.86) and lower relaxation times in comparison 
to those of methanol and tert-butanol in polystyrene matrices. 
The AH„ and AG„ are also lower for moisture impurity. The 
Cl h 
dielectric loss factor for 0.2% and 0.67% moisture in G.O.T.P. 
- 3 - 3 . and Santovac® are *^3x10 and ^^2x10 which are much lower 
-3 than those for methanol and tert-butanol ('^4x10 ) in poly- 
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styrene matrices. Moreover, it is highly improbable that 
dried and purified alcohol can contain such a high amount 
of moisture impurity which lead to dielectric absorption,^of 
-3 
the order 4x10 
Musa and Eisner (18) reported AH„ = 64,4 kJ mol ^ 
JCJ 
for tetramer rotation in pure tert-butanol in the liquid 
state by ah' ultrasonic :technique. Dwivedi et al (21) 
dielectrically studied tert-butanol and tert-amyl.alcohol 
in the pure liquid state and found AH„ = 50,3 and 50,8 kJ 
£j 
mol respectively. They interpreted their results in 
terms of breaking the hydrogen bond followed by ROH 
rotation and the rotation of the free monomer simultaneously. 
From all of these results it appears to suggest that the 
dispersions obtained for methanol and tert-butanol in poly- 
styrene matrices at higher concentation may be due to either 
(a) the rotation of multimer or (b) the breaking of 
hydrogen bond (more than one) followed by rotation of 
partially free monomer; or (c) breaking of hydrogen bond (one) 
followed by rotation of the higher species than monomer; or 
(d) a combination of (b) and (c). 
The results obtained for methanol and tert-butanol 
in polystyrene matrices are not inconsistent with our previous 
results for other alcohols. In those cases we used a concen- 
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tration range of around 5 % (by wt,) but here the 
concentration was above 10 %. These results support Meakin's 
(24) view that at around 5 % concentration alcohol molecules 
will be widely separated from one another by the solvent 
molecules and there will be no hydrogen bonding but at.,and 
above 10 % concentration intermolecular hydrogen bonding will 
occur which may lead to the formation of multimers. 
In the pure solid state tert-butanol exhibits 
only one dielectric relaxation process in the temperature 
range 116-146 K. As evident from s" versus T plot (Figure VI-6a)^ 
the dielectric loss increases rapidly with temperature 
after this dispersion range and ultimately goes beyond our 
measurement limit. This may be due to conductivity which is 
reported for some lower alcohols (32) and, in particular, in 
eyelopentano1 and cyclohexanol (33) in the pure solid state 
owing to a .proton , jumping process. The relaxation process 
obtained for tert-butanol seems not to be completely free from 
the conductivity influence particularly the higher temperature 
part which is evident from the non-linear Eyring plot, 
logTx versus 1/T (Figure VI-35d ). The lower temperature 
slope which is reasonably free from conductivity influences 
yields the relaxation parameters as; AH = 18 kJ mol AS:^ = -41 
£j E 
“1 “1 -1 -1 
JK mol and AGg=22 kJ mol and T = 1.5x10 s at 100 
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respectively. This dispersion exhibited by tert-butanol 
.-in the pure solid state has different characteristics 
from those of an a-process. In fact it satisfies the 
criteria which chacterizes a 3-process, namely, very 
broad symmetric loss curves, less sensitivity of 
to temperature, semi-circular Cole-Cole plot and relatively 
small AH values. This process having a AH„ value of 
EJ £A 
18 kJ mol ^ cannot be accounted for by the intramolecular 
OH group rotation. The energy barrier obtained for the 
OH group rotation in 2,4,6-tri-tert-butyIphenol is 
9.2 kJ mol ^ in the pure solid state (29) and 12.4 kJ 
mol ^ in tri-cyclohexyl carbinol in decalin solution (34). 
In both of these molecules the OH group is significantly 
influenced by conjugation and/or steric effect. In 
tert-butanol, there is no conjugation effect and the effect 
of steric factor on -OH group rotation is not so significant 
in tricyclohexy1 carbinol, 
tert-Butanol is comparable in size and shape.to 
tert-butyl chloride, tert-butyl bromide and 2-methyl-2- 
nitropropane. The reported AH for molecular rotation in 
the pure solid state for these molecules are 5.4, 6.3.and 
6,7 kJ mol respectively (35). The AH„ value of 18 kJ 
mol ^ obtained for tert-butanol is significantly higher 
as 
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for molecular rotation in comparison to those of similar- 
sized rigid molecules. These results appear to indicate 
that the relaxation obtained for tert-butanol in the pure 
solid state may be accounted for by the breaking of hydrogen 
bond (one) followed by molecular rotation of the partially 
free monomer. The negative value of activation entropy 
which indicates the more ordered activated, state is in 
favour of the molecular rotation. The relatively higher 
3-value (0.28-0.53) may be accounted for by the spherical 
shape of the molecule for which a.very narrow range of 
environment will be encountered by the molecule at any one 
temperature during rotation. This type of higher 3~value 
for molecular rotation for fairly spherical molecules in 
the pure solid state have been reported by Hossain (36) 
as: 0.34-0.54 for tert-butyl bromide, 0.31-0.47 for 
methyl bromide and 0.24-0,41 for 2-methy1-2-nitropropane. 
A mixture of tert-butanol and carbontetrachloride 
in various proportions (from 9,03-92,15 mol %) exhibits only 
one relaxation process for each system within the tempera- 
ture range 113-146 K (Figure VI-7a ). The magnitude of 
the relaxation peaks depend on the concentration but there 
is a negligible change in the temperature of the peak with 
change in concentration. The dielectric relaxation para- 
meters for these dispersions over this wide concentration 
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range are: AH„ = 24-26 kJ mol AS = 10-39 J K ^ mol ^ h, £i 
and AGg = 22-24 kJ mol ^ and T = 1.5x10 ^ -2.4x10^ s at 
I 
100 K, respectively. It is remarkable that AH^ and AG^, 
stay virtually constant over this wide concentration range. 
This bears out that we are dealing with the same process 
over this concentration range. This type of behaviour 
is found for 1,1,1-trichloroethane and carbontetrachloride 
mixture (see Chapter V) and reported by Mansingh (37) 
for chlorobenzene in cis-decalin. These dispersions 
exhibited by tert-butanol in carbontetrachloride have 
different characteristics from those of an a-process. In 
fact they satisfy the criteria which characterize a 
process in glassy media, namely, broad symmetric loss 
curves, linear Eyring plot, semicircular Cole-Cole plot, 
less sensitivity of bo temperature and relatively 
small AHg values. These observations^ especiallyjthe 
high activation parameters cannot be accounted for by intra- 
molecular -OH group rotation. Within experimental error, 
the relaxation parameters for these mixtures are very 
close to those for the pure tert-butanol in the solid state. 
The slight variation in the case of the pure compound 
may be due to higher uncertainty in their estimation from 
the limiting slope to avoid the.conductivity effect. The 
Fuoss-Kirkwood distribution parameter, 3, for all these 
mixtures ranges between 0,27-0.47. These results appear 
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to suggest that the same species are responsible for these 
dispersions both in the pure state and in carbontetrachloride 
solutions. This means that in carbontetrachloride medium 
the relaxation may be accounted for by the breaking of the 
hydrogen bond (one) followed by a partially free monomer 
rotation. This is reasonable since 24 kJ mol ^ of energy 
is too small to break more than one hydrogen bond. These 
dispersions cannot be accounted for by dimer rotation. 
At room temperature we did not find any i.r. peak for dimer 
at around 3530 cm ^ (20) but obtained a very broad band 
at around 3355 cm ^ for multimer (19) for the lowest 
concentration solution and a very weak peak at around 3670 
cm The intensity of the latter peak decreases and 
the 3355 cm ^ peak increases with the increase of concentra- 
tion. Our equipment temperature was much lower than the 
room temperature (liquid nitrogen temperature) where 
the possibility of formation of multimer was even much 
greater than that of the dimer. The 3”value for these 
relaxations though- relatively high.. (0,2 7-0.4 7 ) is not 
unreasonable in comparison with those obtained for molecular 
rotation of the rigid .spherical molecule- norcamphor (0.28-0.37) 
and 1,1, l-^-tr ichloroe thane (0.26-0.80 ) in carbonte trachlor ide 
(see Chapter III and Chapter V). The AS values of 10-39 
hi 
J K ^moT^for all these mixtures are comparable to those for 
molecular rotation of other spherical rigid molecules (see 
273 
Chapter III). 
The formation of multimers in carbontetrachloride 
by tert-butanol is not inconsistent with our previous 
results for long-chain alcohols, thiols (see Chapter IV), 
and other spherical alcohols in polystyrene matrices. The 
lowest concentration we studied here was 0.9 M whereas 
in polystyrene matrices we studied a concentration of around 
0.5 M. 1.0 M solution of methanol and tert-butanol in 
polystyrene matrices showed evidence of formation of multi- 
mers. These results are in agreement with Meakins (24). 
Moreover, the association of alcohol is iiighly dependent 
on the nature of the dispersion medium, (e.g.jthe 
association constant for monomer-dimer equilibrium for 
tert-butanol in carbontetrachloride is 0.58 whereas 
in cyclohexane the association constant for monomer- 
4 
tetramer equilibrium is 2.49x10 at room temperature (2). 
The dielectric loss depends upon (a) the dipole 
moment of the solute (b) the number of dipoles 
in a certain volume and (c) the ease with which a dipole 
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can rotate. When a comparison is made of the dielectric 
data of pure tert-butanol and the solute in carbontetra- 
chloride at various concentrations, an enormous difference 
is found in the e" values (Figure VI-39 ). In the 
max 
-3 
pure solid it is 1,7x10 whereas for the solute in 
“3 
carbontetrachloride the value is 19x10 for certain 
concentrations. Off hand the loss in the pure solid 
might have been anticipated to be the greatest since 
the number of polar molecules in a given volume would 
be much greater. From the Figure e" versus concen- 
m 3. X 
tration of solute it is observed that only at low 
concentration is 
G" OC concentration 
max 
and that at higher concentrations it begins to decrease 
and thus, as the case.of.the pure. so 1id . is . approached the 
loss factor may be appreciably lower than the value for a 
7 mol % concentration, a typical measurement concentration. 
It would seem feasible that at the high con- 
centrations where molecular interaction would be the greatest 
either (a) relatively few molecules are permitted to break 
the hydrogen bond followed by molecular rotation or (b) 
the molecules are permitted to turn through a very limited 
angle after breaking the hydrogen bond or (c) a combination 



















G.C. Pimental and A.L. McClellan, "The Hydrogen 
Bond", W. H. Freeman and Co., London, 1960. 
Symposium on Hydrogen Bonding, Ljubljana, Pergamon.. 
Press, London, 1957. 
W* Dannhauser, L. W. Bahe, R. Y* Lin and A, F. 
Flueckinger, J. Chem. Phys., 43, 257(1965). 
S. K. Garg and C. P. Smyth, J. Phys. Chem., 69, 
1294(1965). 
S. K. Garg and C. P. Smyth, J. Chem. Phys., 46, 
373(1967). 
W. Dannhauser, J. Chem. Phys., 48, 1918(1968). 
P. Bordewijk, F. Granschandand and C. J. F, Bottcher 
J. Phys. Chem., 73, 3255(1969). 
G. P. Johari and C.P. Smyth, J. Am. Chem. Soc., 
91, 6215(1969). 
J. Crossley, L. Glasser and C. P. Smyth, J. Chem. 
Phys., 52, 6203(1970). 
J. Crossley, Can. J. Chem., 49, 712(1971). 
J. Crossley, J. Phys. Chem., 75, 1790(1971). 
L. Glasser, J. Crossley and C, P. Smyth, J. Chem. 
Phys., 57, 3977(1972). 
J. Crossley, Can. J. Chem., 56, 352(1978). 
J. Crossley, Adv. Mol. Relax. Processes, 2, 69(1970) 
E. Jakusek and L. Sobezyk, Dielectric and Related 
Molecular Processes (Specialist Periodical 
Reports), The Chemical Society, 3, 108(1976). 
S. M. Khameshara, M. S. Kavadia, M. S. Lodha, D. C. 





M. Sanders and J. B. Hyne, J. Chem. Phys., 29, 
1319(1958). 
R. S. Musa and M. Eisner, J. Chem. Phys., 30, 














J. Errera, R. Gaspart and H. Sack, J. Chem. Phys., 
8, 63(1940). 
H. A. Kozodziej and Z. Malarski, Adv. Mol. Relax. 
Inter, Processes, 19, 61(1981). 
D, C, Dwivedi, S, C, Srivastava, P. Kumar and 
S, L, Srivastava, Indn. J, Pure and Applied, 
Phys., 19, 650(1981). 
F, E, Harris, E. W, Haycock and B, J, Alder, J. 
Chem. Phys,, 21, 1943(1953). 
C. Clemett and M, Davies, Trans. Faraday Soc,, 
58, 1705(1962). 
R. J. Meakins, Trans. Faraday Soc., 58, 1953(1962), 
H, A. Khwaja, M.Sc. Thesis, Lakehead University, 
Thunder Bay, Ontario, Canada, (1978). 
M. A. Kashem, M. Sc. Thesis, Lakehead University, 
Thunder Bay, Ontario, Canada, (1982). 
S, P. Tay and S, Walker, J. Chem, Phys., 63, 
1634(1975). 
M, A, Mazid, M.Sc, Thesis, Lakehead University, 
Thunder Bay, Ontario, Canada, (1977). 
R, J. Meakins, Trans. Faraday Soc., 52, 320(1956). 
M, A. Enayetullah, M.Sc. Thesis, Lakehead University, 
Thunder Bay, Ontario, Canada, (1981) . 
M. A. Desando, M. A. Kashem, M, A. '.Siddiqui and S, 
Walker, J. Chem.. Soc. Faraday Tr*^ans. II, (1984). 
32. N. E. Hill, W. E, Vaughan, A. H. Price and M. Davies, 
"Dielectric Properties and Molecular Behaviour", 
Van Nostrand Reinhold Company, London, (1969), 
p p. 4 0 7 . 
277 
33. G. Corfield and M. Davies, Faraday Soc. Trans., 
60, 10(1964). 





M. Godlewska, M. Massa1ska-Arodz and S. Urban, 
Phys. Stat. Sol. (a), 73, 65(1982). 
M, S. Hossain, M.Sc. Thesis, Lakehead University, 
Thunder Bay, Ontario, Canada (1982). 
A, Mansingh, C, B. Agarwal and R. Singh, Indn. J, 



























































































r-( +1 OJ +1 
+1 VO CM .-I 
CO I CO 
+1 
o 
O CO CM Ml- r-C 
i-l r-l +1 CMiOCO<l-uOr^i-lcO 
+1 -fr i-i -H -H +1 -fi +1 +1 -fi +1 +1 
I-I vD MfOvCMf-^vOOMl-OOOcO 




r-H r-l rH CM 
+1 +1 +1 +1 





CM r^ vD 
1/1 M! vD 
O O 
r-l rH 00 
I I I I 
o o o o 
1-H r-H r-H i-H 
X X X 







rH O Mf CM O OOmCO*>Mf^OvOOlOM^ 
i-H -3- r-H CM CO CMOOOOOOi-Hi-HO 
-H -H +1 -H -fl -H -fl -fl -H -H +1 -H -H -H -H 
00 -d- 00 CM covD'a-uoioinmvomm 
r-H CM C-H -vf -<r t-HCMCMCMCMCMCMCMCMCM 
CO CM vOOOOCMCMi-HCOCOCOCM 




00 cr> r-- Mi- 
ll I I 
o o o o 
I-H I-H I—^ i"H 
X X X X 
r>- m CO ^ 
CM Ml- CM CO 
U-) vO 1/1 
I I I r-H 
o o o o 
r-H ^ I-H r-t 
X X X X 00 CO M/ 
I-H vO I— ON 
vo 
00 O 01 vO 
01 01 <T> r-H 
till 
O O UO Mf 
00 OO CO MC 
CMCMCMCOMl-rOMl-Ml-'d-Mr 
CMCMCMCMCMCMCMCMCMCM 
00 oi CM CM vooooor^r^Qor^i'^f'^f^ 
I I I I I I I I I I I I I 1 
O O O O OOOOOOOOOO 
I-H I-H r-H I-H r—I i-H i-H i-H i-H r-H i-H i-H i-H i-H 
X X X 
CO CO CO -0- vOCOOOCMMTCOOOOOOim 
I-H rH CO CM i-Hi-HCOr-Hi-HOOi-Hi-Hi-HrH 
vO 00 l/1vOvOl/1l/1lOi/1l/1l/1l/1 
I I I CM CM I I I I I I I I I I 
O O O O O OOOOOOOOOO 
nH r-^ T“H I-H rH i-H rH rH rH rH rH rH rH rH rH 
X !*! X X 
CO I-H fM CM CO r'Ovocoor^oiiouooo 
I-H CM vo 1/1 M/ I^COvOCMCOi-HCO-3-COCM 
^ C*H rH I-H I-H rH rH rH rH rH 
I I I rH rH ||||0|000l 
O O O O O OOOOOOOOOO 
rH rH ^H rH rH rH rH rH rH rH rH rH rH rH 
X X X X X 
CM vo m o I-H mmvoocMcM-cfMfOoo 
CM MT I-H I-H I-H I-H rH i-H QO i-H vO i-H CM rH 00 
CO CM COOOOCTvi-HCOCOvOvOvO 
vo m cMcoMf-^mMfinmmMt 
CM CM I-H rH I—I I-H I-H r-H i—I i—I rH rH 
I I I I I I I I I I I I 
1/1 O vDCOi-Hi-HOICXJvDCMCMO 
rH I-H rHi-Hi-HCMi-Hr-HCMCMCMCM 
-3- Ol PL| 
1-H H H 
c« U O O 
PH O O 
UO O O CM CM O CM O 































o 0 cO 










TABLE VI-2: Tabulated Summary of Fuoss-Kirkwood Analysis Parameters 
for some Simple Alcohols and Related Compounds in Different 
Glassy Media. 
T(K) IO'^TCS) logv 
max lO^e" max 

































































































































TABLE VI-2: continued,.. (page 2 of Table VI-2) 
T(K) io®T(8) ^09e 10^ 






























































































































TABLE VI-2: continued... (page 3 of Table VI-2) 
T(K) 10°T(S) logv 
max lO^e 









































































































































TABLE VI-2: continued... (pa.ge 4 of Table VI-2) 
T(K) 10®T(S) log V 
max e lO^e" max 
















































































































































TABLE VI-2: continued... (page 5 of Table VI-2) 








































































































































































TABLE VI-2; continued,•• (page 6 of Table VI-2) 
T(K) 10®T(s) logv 
^ max lO^e 
ft 
max 






































































































































































VI-2: continued... (page 7 of Table VI-2) 
10®T(S) log V 
max 
B lO^e If 
max 
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Eyring plots of logTx versus 1/T (K ) for norborneol in 













































































































FIGURE VI-29d: Eyring plot of loglT versus 1/T (K 













































































































FIGURE VI-3^d: Eyring plot of loglT versus 1/T (K for 5-norbornene-2- 




























































































































































































Eyring plot of logTx versus 1/T (K ) for tert-butanol in 






































































































































































































































































































FIGURE VI-38d: Eyring plots of logTT versus 1/T (K ) for tert-butanol in 














































































































































DIELECTRIC RELAXATION OF SOME 2,6-DI- 
AND 2,4,6-TRI-SUBSTITUTED PHENOLS AND 
RELATED..MOLECULES IN SOME ORGANIC GLASSES 
329 
INTRODUCTION 
Hydroxyl group containing compounds, especially 
the aliphatic alcohols and their solutions, have been studied 
extensively by various dielectric absorption techniques, but 
the precise nature and concentration of the various hydrogen- 
bonded species including monomers and a variety of linear 
and cyclic multimers are still controversial (Chapter IV 
and VI). Aromatic phenols have also been studied by dielectric 
techniques in the pure solid state and in non-polar solvents, 
and the relaxation data have often been analyzed in terms of 
two re1axation times with respect to molecular and intra- 
molecular relaxation processes. In dielectric absorption 
studies the latter process having a very short relaxation 
time ('^3 p.s.) has been invariably interpreted as 
hydroxyl group relaxation, as for example, by Fong and 
Smyth (1) in the study of 1-naphthol, 4-hydroxybipheny1, 
and 2,6-dimethyIpheno1. In a later, and more detailed 
study using dielectric relaxation, proton magnetic resonance, 
and infrared spectroscopy, Fong et al. (2) confirmed that 
the substitution of alkyl groups, particularly the bulky 
tert-butyl groups at the ortho positions of phenol, provides 
effective screening of the OH group from interaction but does 
not prevent rotation of the hydroxyl group. Similar 
conclusions were also drawn by Gough and Price (3) from 
330 
their dielectric absorption study over a wide frequency 
range on a number of cryptophenols (2,4,6-tri-tert-buty1- 
phenol, deuteroxy 2,4,6--tri-1ert-butylphenol, 2,6-di-tert- 
butylphenol, 2,4,6-tri-tert-pentylphenol and 2,6-di-tert- 
butyl 4-formylphenol) both in the pure state and in decalin 
solution. With the exception of the 4^formyl derivative, all 
these molecules show two dielectric dispersion regions of 
which the higher frequency one is attributed as to the 
motion of the phenolic OH group* This relaxation process 
of tert-butyIpheno1s in decalin involved an activation 
energy of 9.2 - 11.7 kJ mol In the solid state the 
corresponding value was found to be significantly lowered 
(4.6 kJ mol which was interpreted as due to the greater 
experimental uncertainty in the measurement of solid 
samples. 
Meakins (4) and Davies et al (5) measured the 
dielectric dispersion of 2,4,6-tri-tert-butyIphenol and 
tricyclohexyIcarbinol in pure solids and in decalin solutions. 
In both the cases two distinct relaxation processes were 
10 
observed for each molecule at frequencies up to 2.4x10 Hz, 
the higher frequency one being due to the hydroxyl group 
relaxation. The activation energy obtained for the 
hydroxyl group relaxation in 2,4,6-tri-tert-butylphenol 
and tricyclohexylcarbinol (4,5) are 11.7 and 12,4 kJ mol ^ 
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in decalin solution and 9.2 and 18 kJ mol in the pure 
solid state. The higher energy barrier for tricyclohexyl- 
carbinol in the solid state was accounted for by the 
more highly hindered rotation about the C-0 bond than in 
2,4,6-tri-tert-butylphenol. 
Phenol itself has a planar structure which is 
stabilized by delocalization of the p-type lone pair 
electrons of the oxygen atom to the ir-electrons of the 
ring, resulting in some double bond character of the C-0 
bond which causes the hydrogen atom to lie in the plane of 
the ring. Various spectroscopic s tudie s (6-9) indicate a 
potential energy barrier (^2) of 14 - 15 kJ mol^^ 
for the rotation of the OH group in phenols. 
Davies and Edwards (10) studied dielectric absorption 
of 3“naphthol in a polystyrene matrix and obtained a 
-1 
AH value of 2.1 kJ mol for the hydroxyl group relaxation 
which did not reflect any appreciable double bond character 
in the C-0 linkage. The hydroxyl rotational barrier 
can be appreciably increased for some appropriately o- 
substituted phenols due to intramolecular hydrogen bonding. 
Thus, much higher activation (^35 kJ mol ^) enthalpies 
have been obtained by Tay et al (11) for the OH group 
relaxation in 2,6-d initrophenol and 2,6-dinitro^4-methyIpheno1 
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in polystyrene matrices. Mazid et al (12) studied a 
series of 2,4,6-tri- and penta-substituted phenols in 
polystyrene matrices, and in all ha1ogenopheno1s the 
lower temperature processes were identified as hydroxyl 
group relaxation. The enthalpy of activation for this 
intramolecular process was found to depend on the strength 
of the intramolecular hydrogen-bonds formed with o-substituents. 
Thus, the intramolecular AH„ value increased from 15 kJ mol ^ 
ht 
for 2,4,6-trichlorophenol to 26 kJ mol ^ for pentachlorophenol. 
The relatively lower AH^ value for pentachlorobenzenethiol 
in comparison to pentachlorophenol was accounted for by the 
weaker intramolecular hydrogen bond formed by the SH relative 
to the OH group. 
Very recently Enayetullah (13) studied a number of 
alkylphenols and other related hydroxy compounds in polystyrene 
matrices. In alkylphenols the author obtained only one 
relaxation process which was accounted for by molecular 
rotation, but he could not detect OH group relaxation in 
2 5 any case in his frequency range 10 -10 Hz. For 2,6-dir 
chlorophenol he obtained an overlapping process due to 
contribution of whole molecule rotation and OH group 
rotation whereas Mazid et al (12) obtained two separate 
absorption processes for the fairly similar type of 
molecule 2,4,6-trichlorophenol in a polystyrene matrix. 
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The enthalpy of activation for OH group rotation in 4^phenyl 
phenol, triphenylmethanol and 1-naphthol in the pure solid 
state has been reported (13) as: 13, 17 and 35 kJ mol ^ 
respectively. The higher energy barrier was accounted for 
by the hydrogen bond breaking followed by OH group rotation. 
The OH group rotation in 2-naphthol involved an energy 
barrier of 12 kJ mol ^ (13) in polystyrene matrices. 
From the above discussion it would appear that 
the barrier to hydroxyl group relaxation in substituted phenols 
depends upon the steric and probably on the inductive effects 
of the substituents as well as on the strength of the intra- 
molecular hydrogen bond. Intermolecular hydrogen bonding 
may similarly influence the barriers of molecular rotation 
of such systems. It seemed desirable to investigate the 
energy barrier to hydroxyl group relaxation in such systems 
as 2,6-disubsituted phenols and in related compounds 
bearing additional substituents, such as 2,4,6-tri-substitued 
phenols, so that the effect of various factors might be 
deduced. The work was particularly aimed at a study of the 
effect of dispersion media on the intramolecular hydrogen 
bond as we11 as the relaxation parameters of hydroxy1 
group rotation. 
One particular aspect of the intramolecular process 
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which, in general, has rearely been considered by dielectric- 
absorption workers is to examine whether the intramolecular 
process in phenols and other hydroxy compounds may be 
attributed to proton tunneling as opposed to hydroxyl group 
relaxation. Energy barriers for hydroxyl and methoxy group 
relaxation in non-intramolecularly hydrogen-bonded phenols 
(4,14) and aromatic -OCH^ systems are of the same order 
_ 1 
(15,16). The AH_ df 9.6 kj mol for methoxy group 
hi 
rotation (15) in 3,5-dimethyl anisole was virtually the 
same as the AH value (9.2 kJ mol ^) which Meakins (4) 
III 
found for hydroxyl group relaxation in pure solid 2,4,6- 
tri-tert-butyIphenol. These results appear to negate the 
possibility of proton tunneling in non-intramolecularly 
hydrogen bonded phenols. Mazid et al (12) did not find any 
evidence of proton tunneling in the intramolecular processes 
of 2,4,6-tri- and penta-halogenophenols in polystyrene 
matrices. Gough and Price (3) also did not find any 
indication of proton tunneling in 2,6-di and 2,4,6-tri-tert- 
butylphenol in the pure solid state and in decalin solution 
in the temperature range—70 to 20°C. 
Recent spectroscopic study (infrared and microwave) 
has demonstrated proton tunneling in the intramo1ecularly 
hydrogen bonded system of tropolone (17) in the gaseous phase, 
but Enayetullah (13) has not found any evidence,, ofsuch 
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effect in tropolone and in related compounds by 
dielectric technique in polystyrene matrices. Thus, 
the experimental evidence for proton tunneling in a non- 
aqueous solution is extremely sparce, and, as yet, there 
does not appear to be any convincing case obtained from 
dielectric studies. It seems worthwhile to apply the 
dielectric absorption technique to some of these 
molecules already studied in polystyrene matrices to other 
glass forming media, such as, G.O.T.P. to investigate 
the possibility of proton tunneling as an intramolecular 
process in these systems. 
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VII-2:. EXPERIMENTAL RESULTS 
The dielectric measurements of a variety of 
substituted phenols and related hydroxy compounds (listed 
in Figure VII-1) have been made over suitable ranges of 
temperature and frequency (usually 10 Hz to 10^ Hz) by the 
use of a General Radio 1621 Precision Capacitance Measurement 
system and three-terminal co-axial cell, the procedure 
being described in Chapter II, The methods employed for 
the evaluation of relaxation and activation parameters have 
also been described previously (Chapter II). All the chemicals 
were commercially available with sufficient purity and were 
used without further purification but properly dried prior 
to use. 
Tables VII-1 and VII-2 collect the values of 
AH„ and AS„ evaluated from dielectric data as well as 
E E 
AC„ and T values at 100 K, 150 K and 200 K for each 
£i 
system where appropriate. A tabulated summary of 
Fuoss-Kirkwood analysis parameters, T, logv , 3 and-c" , 
1113^ II13.X 
at various experimental temperatures is presented in 
Table VIIr-3. 
Sample plots of dielectric loss factor, versus T(K) 
for the dipolar molecules in the mentioned medium are shown 
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in Figures VII-1 a to VII-8a, while Figures VII-9b to VII-17b 
present the sample plots of dielectric loss factor versus logarithm 
of frequency (e" versus logv). Figures VII-l8c to VII-21c 
present the Cole-Cole plots for the mentioned molecules 
in their respective dispersion region as sample while 
Figures VII-22d to VI1-32d present the sample plots of 







FIGURE VII-1: continued... 
11 . TROPOLONK 
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VII-3: DISCUSSION 
The molecule, 2,6-dichloropheno1, exhibits only 
one dielectric relaxation process in cis-decalin in the 
temperature range 84-109 K, The relaxation parameters 
obtained for this dispersion are: = 10 kJ mol 
AS„ = -64 J K ^ mol ^ and AG„ = 17 kJ mol ^and T = 2,0x10 ^ s 
£j £i 
at 100 K, respectively. The 3-value for this process ranges 
between 0,41 - 0.74. From earlier works (1-5) on phenols 
and related hydroxy compounds, two relaxation processes 
need to be considered, one, due to the rotation of -OH 
group and the other due to the whole molecule relaxation. 
m-Dichlorobenzene, a fairly polar rigid molecule^is almost 
similar in size to 2,6-dichlorophenol. The relaxation 
parameters obtained for this molecule in a polystyrene 
matrix are (18): AH = 16 kJ mol AS = -30 J K ^ mol ^ 
E Ji 
“1 -3 
and Ac = 19 kJ mol and x = 4.7x10 s at 100 K. The 
E 
enthalpies of activation for molecular rotation of other 
similar-sized rigid molecules are: 16 kJ mol ^ for o- 
dichlorobenzene in a polystyrene matrix (19), 13.kJ mol ^ 
in cis-dcalin (20) and 16 kJ mol ^ for o-xylene in the pure 
solid state (21). Enayetullah (13) reported the relaxation 
parameters for 2,6-dichlorophenol in polystyrene matrices 
as: AH^ = 16 kJ mol"^, AS^ = -29 J K”^ mol"^ and AG„ = 
EE E 
-1 -3 
18 kJ mol and x= 2,0x10 s at 100 K, respectively. The 
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author interpreted these relaxation parameters as being 
due to the overlapping processes of OH group and whole 
molecule rotation. The enthalpy of activation for hydroxyl 
group rotation in 2,4,6-tri-tert-butylphenol was found to 
be 9.2 kJ mol ^ (4) in the solid state and 11.7 kJ mol ^ 
in decalin solution. Within experimental error, these 
values are very close to the observed value (10 kJ mol 
for 2,6-dichlorophenol in cis-decalin. Moreover, the 
relaxation parameters for 2,6-dichlorophenol are in excellent 
agreement with those obtained for methoxy group rotation 
in para-chloroanisole in cis-decalin (see Table VII-2), All 
these results strongly indicate that the hydroxyl group 
relaxation is the potential candidate for the observed 
dielectric absorption in 2,6-dich1oropheno1. The observed 
high 3“value (0.41-0.74) strongly favours the intramolecular 
nature of the process. 
The molecule 2,4,6-trichlorophenol like 
2,6-dichlorophenol exhibits only one dielectric dispersion 
in the temperature range 84-103 K. The Fuoss-Kirkwood 
distribution parameter, 3, which measures the distribution 
of relaxation time varies between 0.49 - 0,63. The linear 
Eyring plot, logTi versus 1/T, yields the relaxation 
parameters for this molecule as: AH = 12 kJ mol 
AS„ = -37 J K ^ mol ^ and AG = 16 kJ mol ^ and T = 
EJ E 
6.7x10 ^ s at 100 K, respectively. The relaxation parameters 
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for almost similar-sized, rigid molecules in polystyrene 
matrices are (18): 
Molecules AH^ AS^ ^^ElOO K TTSI 
  kJ mol ^ J K~i mol"~^ kJ mol~^ at 100 K 
2.4.6- tr i-chloro- 
pyridine 38 35 34 2,8x10 
2 4 6-tT^imethyl 
benzonitrile 29 6 29 4,2x10^ 
2.4.6- trichloro 2 
nitrobenzene 29 1 29 8,3x10 
All these results demonstrate that the relatively lower 
energy barrier (12 kJ mol and shorter relaxation time 
(6,7x10 ^ s at 100 K) for 2,4,6-trich1oropheno1 cannot be 
accounted for by molecular relaxation, Mazid et al (12) 
studied this compound in a polystyrene matrix and reported 
the relaxation parameters for OH group rotation as; A H = 
15 kJ mol"^, AS^ =. -5 J mol”^ and AG^ = 16 kJ mol“^ 
El El 
and = 6,7x10 ^sat 100 K, They interpreted the relatively 
higher activation parameters for OH group rotation as being 
due to the intermolecular hydrogen bonding. The observed 
enthalpy of activation for 2,4,6-trichlorophenol in cis-decalin 
is very close to the value obtained for OH group rotation 
(4) in 2,4,6-tri-tert-butyIphenol (11,7 kJ mol ^) and methoxy 
group rotation in para-chloroanisole in cis-decalin (see Table 
VII-2), Thus, it will not be unreasonable to interpret the 
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observed dispersion for 2,4,6-trichlorophenol in cis-decalin 
as due to the hydroxyl group rotation. The relatively 
higher 3”value and lower activation entropy are consistent 
with the intramolecular nature of the relaxation process. 
The acidity of the chloropheno1s depends upon the number of 
chlorine atoms in the ring (22), e.g., the pKa of penta- 
chlorophenol is 4,8 whereas it is 6.5 for 2,4,6-trichloro- 
phenol. This indicates that the double bond nature of the 
bond from the phenolic oxygen to the ring carbon may be 
greater in 2,4,6“trichlorophenol than that in 2,6-dichloro- 
phenol. Though the variation is within experimental error, 
the slightly higher AH (12 kJ mol for 2,4,6-trichlorophenol 
bj 
than those of 2,6-dichlorophenol (10 kJ mol in 
cis-decalin could be accounted for by an additional resonance 
contribution. 
The enthalpy of activation, AH for hydroxyl group 
rotation is lowered (8 kJ mol for dilute solution of 2,4,6- 
trichlorophenol in cis-decalin. This indicates that there 
may be some weak intermolecular hydrogen bonding in the 
usual concentration range of 2,6-dichloro-and 2,4,6-trichloro- 
phenol in cis-decalin. When the solution is diluted, the 
intermolecular interaction decreases causing thereby the 
energy barrier for -OH group relaxation to be lowered. The 
very low entropy of activation for the dilute solution (-81 J K 
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mol supports this view. The stronger the intramolecular 
hydrogen bond, the more energy will be required to achieve 
“OH group relaxation and, possibly, greater disorder in the 
system leading to a higher AS^ value. The high. 3-value 
(0.38-0.94) for this relaxation for dilute solution also 
suggests negligible interaction of the hydroxyl group with 
its surrounding at the time of rotation.at a particular 
temperature . i- 
For each of the two molecules, 2,4,6-tribromophenol 
and 2,4,6-triiodophenol, one relaxation process was observed 
in G.O.T.P. The relaxation parameters obtained for these 
molecules are: AH„ = 9 and 6 kJ mol AS„ = -62 and -83 
CJ 
J K ^ mol AG„ at 100 K = 15 and 14 kJ mol ^ and T at 100 k 
-5 -3 . . . = 2.3x10 and 1.2x10 s, respectively. The activation 
enthalpies and free energies at 100 K for these molecules 
are comparable to those for 2,4,6-trichlorophenol in 
decalin except that the activation enthalpy in.the 
case of 2,4,6-triiodophenol appears to be slightly lower 
than those of the other two cases. These values are also 
very close to those obtained for methoxy group rotation in 
para-bromoanisole and para-iodoanisole in G.O.T.P. 
(see Table VII-2). Similar low activation energies of 2.1 
(10), 5.0 (3), 9.2 (4) and 11.7 (5) kJ mol"^ for the 
hydroxyl group relaxation have been obtained for 2-naphthol 
in a polystyrene matrix, 2,4,6-tri-tert-butyIphenol in the 
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solid state and in decalin solution, respectively. On 
the other hand, Tay et al (11) reported much higher AH„ 
of ^^35 kJ mol ^ for -OH group relaxation in 2,6-dinitro- 
and 2,6-dinitro 4-methyIphenols in polystyrene matrices, 
suggesting that 'Ithe intramolecular hydrogen bond in 2,6- 
dinitro phenol is much closer to being a strong hydrogen bond 
than a weak one." It was also proposed that the transition 
of the hydroxyl group from one planar hydrogen bonded position 
to the other takes place over an energy barrier which is 
strongly dependent on the energy required to break the 
intramolecular hydrogen bond* Thus, the low energy barriers 
obtained for the trihalogenophenols would appear to suggest 
that the intramolecular hydrogen bonding of the hydroxyl 
groups with the various halogens is of the weak type. The 
generally accepted order of the intramolecular halogen- 
hydroxyl interaction is Cl>Br>I (23). This bears out that 
the hydroxyl group relaxation barrier depends on the energy 
required to break the hydrogen-bond. With the increase of 
the size of the halogen atom the barriers may have been 
compensated to some extent by an adverse steric effect which 
is evident from the longer relaxation time for 2,4,6-triiodo- 
pheno1. 
In terms of the acidity of the substituted halo- 
phenols, the potential energy barrier (V) for the -OH group 
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relaxation correlates wellwith the OH torsional frequencies 
obtained by Fateley and his co-workers (14). They have 
clearly demonstrated that the phenolic -OH torsional frequency 
is a direct measure of the double bond character of the 
phenolic C-0 bond. Thus, the sequence of activation enthalpy 
of 12, 9 and 6 kJ mol ^ for 2,4,6-trichloro-, tribromo- and 
triiodo-pheno1, respectively, compares well with the sequence 
of the corresponding OH-torsional frequency of 393, 393 and 382 
cm ^ observed in cyclohexane solutions. 2,4,6-trichloro 
and 2,4,6-tribromopheno1 show a similar double bond 
character of the C-0 bond as evidenced from the same OH 
torsional frequency,, A slightly higher AH value (12 kJ 
hi 
mol in 2,4,6-trichlorophenol from those in 2,4,6-tribromo- 
phenol may be due to some weak intermolecular hydrogen 
bonding in the former. 
The acidic properties of halogenophenols can be 
increased by substituting a strong electron withdrawingcgr:Qap 
in .the, appropriate position, such as, a nitro group in the 4- 
positin of the ring. Two such compounds, namely, 2,6-dichloro- 
4-nitropheno1 and 2,6-dibromo 4-nitrophenol, have been studied 
in glassy o-terphenyl. One dispersion region was obtained 
for each molecule in the temperature range 90-133 K. The 
relaxation parameters obtained for these molecules are: 
AHJ, = 10 and 12 kJ mol"^, AS^ = -84 and -58 J K"^ mol"^. 
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-1 - 3 - 4 
AG„ = 18 kJ mol at 100 K and T 2.0x10 and 6,8x10 s 
E 
at 100 K, respectively. The. relatively lower values of 
enthalpy of activation for these molecules cannot be accounted 
for by molecular rotation. Moreover, the activation enthalpies 
and free energies obtained for the almost similar—sized rigid 
molecules, 2,4,6-trichloronitrobenzene and 2^4,6-trimethyl 
benzonitrile in polystyrene matrices^ are 29 kJ mol ^ and 29 
kJ mol ^ at 100 K, respectively (18), These results appear 
to suggest that the relaxations obtained for 2,6-dichloro 4- 
nitrophenol and 2j6-dibromo 4-nitrophenol may be attributed 
to the rotation of the hydroxyl group. The and AG^ at 100 K 
for these molecules are virtually the same as 2,6-dichloro- 
phenol in cis-decalin. This indicates that the same mechanism 
is responsible for the relaxation in 2,6-dichlorophenol 
and in 2,6-dihalo-4-nitrophenol. The e1ectron-withdrawing 
group (nitro group) at the para-position virtually has no 
effect on these relaxations. A slightly higher AH„ value 
iL 
(12 kJ mol ^) for hydroxyl group rotation in 2,6-dibromo-_ 
4-nitrophenol is not beyond the experimental error. 
Moreover, a slightly higher energy barrier for 2,6-dibromo- 
4-nitrophenol may be appreciated for the steric effect of 
the larger sized bromine atom at the ortho-position of the 
molecule. 
The molecule, 2,6-dinitro-4-methyIphenol, exhibits 
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only one relaxation process in the temperature range 
157-194 K in G.O.T.P. and Santovac®. The relaxation 
parameters obtained for this relaxation are: AH = 29 and 
hi 
28 kJ mol"^, AS^ = -13 and -19 J K”^ mol’^, AG^ = 30 
hi hi 
“13 3 
kJ mol and T = 2.8x10 and 1.8x10 s at 100 K, respectively 
Within experimental error, these parameters are virtually 
the same in both the dispersion media. This indicates that 
the relaxation is almost independent of the dispersion 
medium. The relaxation parameters for the almost similar- 
sized rigid mo1ecu1e,(18) 2,4-dinitrochlorobenzene in 
a polystyrene matrix, are; AH^ = 39 kJ mol AS^ = 
25 J.K ^ mol ^ and AG = 37 kJ mol ^ and x = 8.5x10^ s .at 
100 K. The activation free energy and relaxation time at 
100 K for another simi1ar-sized rigid molecule, 3,5-di- 
-1 4 
nitrobenzonitr ile , are 33 kJ mol and 7,0x10 s , respectively. 
relaxation parameters obtained for 2,6-dinitro-4-methylphenol 
are appreciably lower than the corresponding parameters 
for rigid molecules in polystyrene matrices. We did not 
obtain any suitable rigid molecule data in G.O.T.P, and 
Santovac® for comparison. However, the activation parameters 
for molecular relaxation are very sensitive to the 
length of the molecule on the long principal axis. The 
free energies of activation and relaxation times at 200 K 
for p-chlorotoluene in G.O.T.P. and Santovac® are 38 and 
— 1 — 3 — 4 
3 7 kJ mol and 2,0x10 and 9.1x10 s, respectively<>(24). 
2,6-dinitro-4-methyIphenol is comparable to p-chlorotoluene 
The 
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in length along the long prinicpal axis. The activation 
parameters for the former are considerably lower than those 
for the latter. All this evidence appears to indicate 
that the relaxation observed for 2,6-dinitro-4-methyIphenol 
in G.O.T.P. and Santovac® is not a molecular relaxation 
process. The relaxation may then be best accounted for by 
intramolecular relaxation due to the rotation of the 
(intramo1ecularly hydrogen bonded) -OH group. The virtually 
identical parameters in both the G.O.T.P. and Santovac® 
supports this view. 
Tay et al (11) studied 2,6-dinitro-4-methyIphenol 
in polystyrene and polyethylene matrices. In both the 
cases they obtained only one process in the temperature 
range 186-206 K. The activation enthalpies and free energies 
-1 -1 
for these processes are 35 and 36 kJ mol and 31 kJ mol 
at 100 K, respectively. They interpreted their results 
in terms of the intramolecular -OH group relaxation. 
Meakins (25) reported the enthalpy of activation for hydroxyl 
group relaxation in picric acid in the pure solid state as 
25 kJ mol Within experimental error, the relaxation 
parameters obtained for 2,6-dinitro-4-methylphenol in 
G.O.T.P. and Santovac® are comparable to those obtained 
in polystyrene and polyethylene matrices and also to 
the picric acid parameters in the pure solid state. From 
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all the evidence it would seem likely that for 2,6-dinitro- 
4-methylphenol in G.O.T.P. and Santovac® the hydroxyl group 
relaxation occurs from one planar hydrogen-bonded position 
to the other and that the intramolecular hydrogen bond in 
2,6-dinitro-4-methyIphenol is much closer to being a 
strong hydrogen bond than a weak one. 
Only one family of absorption curves has been 
observed for each of the two substituted phenols, 2,6-di-tert- 
butylphenol and 2,4,6-tri-tert-butylphenol, in cis-decalin in the tempera- 
ture range 129-144. K.- The relaxation parameters obtained for these relaxa- 
tions are: AH„ = 38 and 48 kJ mol AS„ = 103 and 177 
hj £j 
J K“^ mol"^, AG^ = 28 and 31 kJ mol"^ at 100 K and 
£i 
2 3 
T = 2,3x10 and 5.4x10 s at 100 K, respectively. From 
the single OH stretching vibration peak at 3684 cm ^ Davies 
and Meakins (5) reported that the bulky alkyl groups at the 
ortho-positions . prevent the hydroxyl group of phenol from 
hydrogen bonding. They reported that the enthalpy of 
activation for OH group rotation in 2,4,6-tri-tert^buty1- 
phenol is 9,2 kJ mol ^ in the pure solid state (5) and 11.7 
kJ mol ^ in decalin solution (3,5). The enthalpy of activa- 
tion for -OH group rotation in other substituted phenols in 
cis-decalin and G.O.T.P. is relatively lower, around 10 kJ 
mol ^ (see Table VII-1), Fong and Smyth (1), Gough and 
Price (3), Meakins (4) and Davies and Meakins (5) 
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observed the OH group relaxation in 2,4,6-tri-1ert-buty1- 
phenol at frequencies around 10^^ Hz, Mazid et al (12) 
could only detect the tail-end of the absorption due to the 
OH group relaxation at the highest frequencies (around 10^ 
Hz) of their measurement for 2,4,6-tri-tertTbutylphenol 
both in the pure solid state and in a polystyrene 
matrix. It is thus highly improbable that the relaxation 
involving relatively higher enthalpy of activation (38 
and 48 kJ mol ^) for 2,6-di-tert-butylphenol and 2,4,6- 
tri-tert-butylphenol could be due to the OH group relaxation. 
The observed absorption in each of these molecules under 
consideration should then be assigned to their respective 
molecular relaxation process. 
The relaxation time for molecular rotation of 
-12 
2,6-di-tert-butylphenol in cis^decalin at 300 K (3,3x10 s) 
-12 
is comparable to the value 6,6x10 s obtained by Gough 
and Price (3). Mazid et al (12) reported fairly high 
values of activation enthalpy and entropy for molecular 
rotation of 2,4,6-tri-tert-butylphenol in polystyrene matrices 
(78 kJ mol ^ and 91 J K ^ mol ^), These values are very high 
compared to those for the molecular process observed by 
Davies and Meakins (5). The higher enthalpy of activation 
(48 kJ mol ^) in 2,4,6-tri-tert-butylphenol than those in 
2,bydi-tert-butylphenol (38 kJ mol ^) is reasonable in 
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terms of the larger effective volume for molecular 
rotation in the former molecule. The higher entropy of 
activation for these dispersions indicates the greater 
disorder in the system due to larger swept volume. The 
relatively lower 3~value (0.18-0,23) for these relaxations 
also bears out the molecular nature of the relaxation process. 
The molecule, pentachlorobenzenethiol in G.O.T.P., 
exhibits only one relaxation process in the temperature 
range 85-115 K. The relaxation parameters obtained for 
this dispersion are: AH = 14 kJ mol AS„ = -26 J K ^ 
E ’ E 
mol ^ and AG = 19 kJ mol ^ and T = 2.9x10 ^ s at 100 K, 
bj 
respectively. Within experimental error, these parameters 
are comparable to those obtained for OH group rotation in 
2,4,6-trichlorophenol in cis-decalin (see Table VII-1). 
The energy barrier obtained for this molecule is relatively 
lower and,cannot be accounted for by molecular relaxation. 
The enthalpy and free energy of activation for molecular 
rotation for an almost similar-sized rigid molecule, 
pentachlorotoluene, are 47 kJ mol ^ and 40 kJ mol ^ at 
200 K, respectively in a polystyrene matrix (18). Mazid 
et al (12) studied pentachlorobenzenethiol in a polystyrene 
matrix and observed the relaxation parameters for SH 
group rotation as: AH„ = 14 kJ mol AS„ = -26 J K ^ 
-1 -1 -4 mol and AG = 16 kJ mol and x = 1.6x10 s at 100 K, 
ilj 
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respectively. The relaxation parameters for pentachloro- 
benzenethiol obtained in G.O.T.P, are in excellent 
agreement with those in a polystyrene matrix. The AH value 
E 
for SH group rotation in G.O.T.P, and polystyrene matrices 
(12) are much lower than the corresponding value for 
OH group rotation in pentachlorophenol (26 kJ mol^)(12). 
The lower barrier to SH group relaxation in comparison 
to pentachlorophenol may be due to the strength of the 
intramolecular hydrogen bond. As the S-H bond is much less 
ionic than the 0-H bond it would be expected to form weaker 
hydrogen bonds with the chlorine atoms at the ortho 
positions. There is evidence that thiols form only weak 
hydrogen bonds (26) and "relative weakness of the SH 
as a proton donor accounts for the absence of hydrogen bonds 
in some systems". 
The molecule tropolone was studied previously by 
Enayetullah (13) in a polystyrene matrix. He reported the 
-1 relaxation parameters as; AH^ = 13 kJ mol , AS^ = -19 
J K ^ mol ^ and AG_ = 15 kJ mol ^ and T = 1.9x10 ^ s at 100 K, 
sL 
respectively. Comparing these parameters with the.similar-sized 
rigid molecule o-fluorochlorobenzene, the author suggested 
that the relaxation is due to the whole molecule rotation 
in the polystyrene cavity. 
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Present investigation of tropolone in G.O.T.P 
reveals only one relaxation process in the temperature range 
79-107 K, The Fuoss-Kirkwood distribution parameter, 3, 
for this dispersion ranges between 0,13-0,18. Such a low 
3-value indicates the wide distribution of relaxation 
times for this dispersion. The linear Eyring plot, logTx 
versus 1/T, yields the relaxation parameters as: AH^ = 
13 kJ mol"^, AS^ = -23 J K"^ mol”^ and AG^ = 15 kJ mol"^ 
and T = 3.7x10 ^ s at 100 K, respectively. These parameters 
are very close to those obtained by Enayetullah (13) in 
a polystyrene matrix. 
Tropolone is comparable in size and shape to norcamphor 
and norborneol. Both molecules exhibit molecular relaxation 
in G.O.T.P. involving the relaxation parameters as 
(Chapters' III and VI) ; 
Molecule 




tiorchamphor 17 16 15 5.4x10 
-5 
norborneol 13 -22 16 7.3x10 
-5 
Within experimental error, these values are in excellent 
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agreement with those observed for tropolone in G.O.T.P. 
All these results appear to suggest that the relaxation 
for tropolone may be accounted for by the whole molecule 
rotation but not the hydroxyl group relaxation. The lower 
3~value is also consistent with this suggestion. 
The effects of tunneling are generally shown by 
the reaction rate constant and the presence of appreciable 
tunneling can be identified by one or more of the following 
criteria (27): 
(a) tunneling usually leads to greatly enhanced isotope 
effects; 
(b) the Arrhenius plots (plots of log k versus 1/T) are 
generally curved at lower temperatures and at very low 
temperatures, if the tunneling rate is large enough, 
the rate constant is essentially temperature independent; 
(c) tunneling usually lowers the energy barriers for equilibrium 
processes, and unexpectedly large differences in 
effective activation energies are observed for hydrogen 
andwdeuterium species. 
The intramolecular processes for substituted 
anisoles (28) and halogenopheno1s occur almost in the same 
low-temperature region, 80-119 (see Tables VII-1 and 2). 
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Within experimental error, the enthalpy of activation for 
both the anisoles and phenols is virtually the same and 
sometimes in the latter molecules slightly larger than 
that for methoxy group relaxation. This is precisely what 
would be expected for hydroxyl group relaxation with weak 
intramolecular hydrogen bonding. Previous work has 
established that the OH group relaxation barriers for 
non-intramolecularly hydrogen bonded phenols and anisoles 
are very similar (4,14-16). Thus^there is no sign that the 
intramolecular energy barrier has been lowered by a tunneling 
mechanism. The Eyring plots, logTx versus 1/T, for all the 
halogenophenoTs and tropolone are linear (Figures VII-22d-32d) 
and by no means parallel to the abscissa. All the evidence 
appears to suggest that there is no justification to 
invoke proton tunneling in 2,6-di- and 2,4,-6-tri-halogeno- 
phenols and in tropolone. 
-The differences in energy barrier for 2,4,6- 
trichloro-, 2,4,6,-tribromo- and 2,4,6-triiodophenol are 
due to the difference in strength of the intramolecular 
hydrogen bond between the OH and halogen atoms in the 
2,6-position. The results of 2,6-dichloro-4-nitro- 
and 2,6-dibromo-4-nitrophenol clearly indicate that the 
barrier to OH group relaxation is insensitive to para- 
substituents and virtually remains the same. This behaviour 
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is consistent with those found for methoxy group relaxation 
in various para-substituted anisoles in different dispersion 
media (28), The most striking point is that the energy 
barrier for OH group relaxation is significantly higher 
when the nitro-group is substituted at the 2,6-position 
of the phenol. This is due to the strong intramolecular 
hydrogen bond between the OH and nitro-groups, Thus, 
the energy barrier for -OH group relaxation is highly 
dependent upon the strength of the intramolecular hydrogen 
bond and almost independent of the dispersion medium. 
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Tabulated Summary of Fuoss-Kirkwood Analysis Parameters 
for some substituted phenols and related compounds in 
organic glasses 
T(K) IO'^TCS) log V 
max lO^e 




















































































































TABLE VII-3; continued... 
T(K) lO'^T (s) logv 
max lO^e 


















































































































































TABLE VII-3: continued... 
T(K) lO'^T (S) logv 
max lO^e" 



































































































































TABLE VII-3: continued,,, 
T(K) 10°T(s) logv 3 lO^e" max max 




























































































































TABLE VII-3: continued.... 
T(K) IO'^TCS) logV max lO^e 
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FIGURE VII-22d: Eyring plot of logTx versus 1/T (K-^) for 2,6 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIGURE ,VII-24d: Eyring plot of logTT versus l/T |^K h for 2,4,6-^ 
triiodophenol-in G.O.TiP, ^ ~ 
393 
FIGURE VII-25d: Eyring plot of logTx versus 1/T(K for 2,6- 
dichloro-4-nitrophenol in G.O.T.P. 
394 
FIGURE VII-26d: Eyring plot of logTx versus 1/T (K for 2,6- 
dibromo-4-nitrophenol in G,0,T,P, 
. 395 
FIGURE VI1-27d: Eyring plot of . logTi versus I./T (K ;^) for ^ 
2,6-dinitro-4-methyrphenol in G.O.T.P. 
396 
FIGURE VII-28d: Eyr.ing plot of loglT versus 1/T (K for 2,6-dinitro-4- 
f; metHylphenol in Santovac®,. 
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FIGURE VII-29d: Eyring plot of loglT versus I/T (K”^) for 2,6-di' 
tert-butylphenol in cis-decalin 
398 
FIGURE yil-30d: Eyring plot of logTx versus 1/T.(lt for 2,4,6-tri- 
tert-butylphenol in cis-decalin. 
399 
FIGURE VII“31d:y Eyring plot of•loglT versus 1/T (K 1) for 2,3,4,5,6- 
pentachlorobenzenethiol in G,0.T,P, 
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